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Preface to volume 4 of the second edition 
of Bergey’s Manual of Systematic Bacteriology 


Prokaryotic systematics has remained a vibrant and exciting 
field of study, one of challenges and opportunities, great discov- 
eries and gradual advances. To honor the leaders of our field, 
the Trust presented the 2010 Bergey’s Award in recognition of 
outstanding contributions to the taxonomy of prokaryotes to 
Antonio Ventosa. 

We expect that this will be the last volume to be edited by Jim 
Staley and Noel Krieg, both of whom served on the Trust for 
many years and continued to be active after their retirements. 
Noel contributed to Bergey's Manual of Determinative Bacteriology, 
in both the 8th edition as an author and the 9th edition as an 
editor. Moreover, he also edited volume 1 of the Ist edition of 
Bergey's Manual of Systematic Bacteriology. This was a massive 
achievement for this volume included the “Gram-negatives” 
and comprised more than one-third of that edition. In the 2nd 
edition of Bergey's Manual of Systematic Bacteriology, Noel and 
Jim edited volume 2 along with Don Brenner. This three-part 
volume comprised the Proteobacteria and was also a major por- 
tion of the current edition. In the current volume, Noel edited 
the phylum Bacteroidetes, which is the largest phylum in this 
work. In addition to his passion for prokaryotic systematics, 
Noel is well known by his colleagues and students at Virginia 
Tech as a dedicated and passionate teacher. 

Jim Staley’s service to the Trust paralleled that of Noel’s. Jim 
also contributed to Bergey s Manual of Determinative Bacteriol- 
ogy, in both the 8th edition as an author and the 9th edition 
as an editor. He edited volume 3 of the 1st edition of Bergey s 
Manual of Systematic Bacteriology along with Marvin Bryant and 
Norbert Pfennig and volume 2 of the 2nd edition. In the cur- 
rent volume, he edited the phyla Acidobacteria, Chlamydiae, 
Dictoyoglomi, Fibrobacteres, Fusobacteria, and Gemmatimon- 
adetes. More importantly, he coached and mentored the rest of 
us throughout the entire editorial process. Most recently, Jim 
has led the efforts of the Trust to form Bergey's International 
Society for Microbial Systematics (BISMiS), whose purpose is to 


promote excellent research in microbial systematics as well as 
enhance global communication among taxonomists who study 
the Bacteria and Archaea. The society will also serve internation- 
ally as an advocate for research efforts on microbial systematics 
and diversity. We wish Jim the best in this new adventure. 
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On using the Manual 


Noer R. KREG AND Georce M. Garrity 


Citation 


The Systematics is a peer-reviewed collection of chapters, 
contributed by authors who were invited by the Trust to share 
their knowledge and expertise of specific taxa. Citations should 
refer to the author, the chapter title, and inclusive pages rather 
than to the editors. 


Arrangement of the Manual 


As in the previous volumes of this edition, the Manual is arranged 
in phylogenetic groups based upon the analyses of the 16S rRNA 
presented in the introductory chapter “Road map of the phyla 
Bacteroidetes, Spirochaetes, Tenericutes (Mollicutes), Acidobacte- 
ria, Fibrobacteres, Fusobacteria, Dictyoglomi, Gemmatimonadetes, 
Lentisphaerae, Verrucomicrobia, Chlamydiae and Planctomycetes”. 
These groups have been substantially modified since the pub- 
lication of volume 1 in 2001, reflecting both the availability of 
more experimental data and a different method of analysis. 
Since volume 4 includes only the phylum Firmicutes, taxa are 
arranged by class, order, family, genus and species. Within each 
taxon, the nomenclatural type is presented first and indicated by 
a superscript T. Other taxa are presented in alphabetical order 
without consideration of degrees of relatedness. 


Articles 


Each article dealing with a bacterial genus is presented wher- 
ever possible in a definite sequence as follows: 


a. Name of the genus. Accepted names are in boldface, fol- 
lowed by “defining publication (s)”, i.e. the authority for the 
name, the year of the original description, and the page on 
which the taxon was named and described. The superscript AL 
indicates that the name was included on the Approved Lists of 
Bacterial Names, published in January 1980. The superscript 
VP indicates that the name, although not on the Approved Lists 
of Bacterial Names, was subsequently validly published in the 
International Journal of Systematic and Evolutionary Micro- 
biology (or the International Journal of Systematic Bacteriol- 
ogy). Names given within quotation marks have no standing in 
nomenclature; as of the date of preparation of the Manual they 
had not been validly published in the International Journal of 
Systematic and Evolutionary Microbiology, although they may 
have been “effectively published” elsewhere. Names followed by 
the term “nov.” are newly proposed but will not be validly pub- 
lished until they appear in a Validation List in the International 
Journal of Systematic and Evolutionary Microbiology. Their 
proposal in the Manual constitutes only “effective publication”, 
not valid publication. 


b. Name of author(s). The person or persons who prepared 
the Bergey’s article are indicated. The address of each author 
can be found in the list of Contributors at the beginning of the 
Manual. 


c. Synonyms. In some instances a list of some synonyms 
used in the past for the same genus is given. Other synonyms 
can be found in the Index Bergeyana or the Supplement to the 
Index Bergeyana. 


d. Etymology of the name. Etymologies are provided as in 
previous editions, and many (but undoubtedly not all) errors 
have been corrected. It is often difficult, however, to determine 
why a particular name was chosen, or the nuance intended, if 
the details were not provided in the original publication. Those 
authors who propose new names are urged to consult a Greek 
and Latin authority before publishing in order to ensure gram- 
matical correctness and also to ensure that the meaning of the 
name is as intended. 


e. Salient features. This is a brief resume of the salient fea- 
tures of the taxon. The most important characteristics are given 
in boldface. The DNA G+C content is given. 


f. Type species. The name of the type species of the genus 
is also indicated along with the defining publication (s). 


g. Further descriptive information. This portion elaborates 
on the various features of the genus, particularly those features 
having significance for systematic bacteriology. The treatment 
serves to acquaint the reader with the overall biology of the 
organisms but is not meant to be a comprehensive review. The 
information is normally presented in the following sequence: 


Colonial morphology and pigmentation 
Growth conditions and nutrition 
Physiology and metabolism 

Genetics, plasmids, and bacteriophages 
Phylogenetic treatment 

Antigenic structure 

Pathogenicity 

Ecology 


h. Enrichment and isolation. A few selected methods are 
presented, together with the pertinent media formulations. 


i. Maintenance procedures. Methods used for maintenance 
of stock cultures and preservation of strains are given. 


j: Procedures for testing special characters. 
This portion provides methodology for testing for unusual 
characteristics or performing tests of special importance. 


XXV 


xxvi 


k. Differentiation of the genus from other genera. Those 
characteristics that are especially useful for distinguishing the 
genus from similar or related organisms are indicated here, 
usually in a tabular form. 


l. Taxonomic comments. This summarizes the available 
information related to taxonomic placement of the genus and 
indicates the justification for considering the genus a distinct 
taxon. Particular emphasis is given to the methods of molecular 
biology used to estimate the relatedness of the genus to other 
taxa, where such information is available. Taxonomic informa- 
tion regarding the arrangement and status of the various spe- 
cies within the genus follows. Where taxonomic controversy 
exists, the problems are delineated and the various alternative 
viewpoints are discussed. 


m. Further reading. A list of selected references, usually of 
a general nature, is given to enable the reader to gain access to 
additional sources of information about the genus. 


n. Differentiation of the species of the genus. 
Those characteristics that are important for distinguishing the 
various species within the genus are presented, usually with ref- 
erence to a table summarizing the information. 


o. List of species of the genus. The citation of each species 
is given, followed in some instances by a brief list of objective 
synonyms. The etymology of the specific epithet is indicated. 
Descriptive information for the species is usually presented in 
tabular form, but special information may be given in the text. 
Because of the emphasis on tabular data, the species descrip- 
tions are usually brief. The type strain of each species is indi- 
cated, together with the collection(s) in which it can be found. 
(Addresses of the various culture collections are given in the 
article in volume 1 entitled Culture Collections: An Essential 
Resource for Microbiology.) The 16S rRNA gene sequence used 
in phylogenetic analysis and placement of the species into the 
taxonomic framework is given, along with the GenBank (or 
other database) accession number. Additional comments may 
be provided to point the reader to other well-characterized 
strains of the species and any other known DNA sequences that 
may be relevant. 


p- Species incertae sedis. The List of Species may be fol- 
lowed in some instances by a listing of additional species under 
the heading “Species Incertae sedis” or “Other organisms”, etc. 
The taxonomic placement or status of such species is ques- 
tionable, and the reasons for the uncertainty are presented. 


q. References. All references given in the article are listed 
alphabetically at the end of the family chapter. 


ON USING THE MANUAL 


Tables 


In each article dealing with a genus, there are generally three 
kinds of table: (a) those that differentiate the genus from similar 
or related genera, (b) those that differentiate the species within 
the genus, and (c) those that provide additional information 
about the species (such information not being particularly use- 
ful for differentiation). The meanings of symbols are as follows: 


+, 90% or more of the strains are positive 

d, 11-89% of the strains are positive 

—, 90% or more of the strains are negative 

D, different reactions occur in different taxa (e.g., species of 
a genus or genera of a family) 

V, strain instability (NOT equivalent to “d”) 

w, weak reaction. 

nd, not determined or no data. 

nr, not reported. 

These symbols, and exceptions to their use, as well as the mean- 
ing of additional symbols, are given in footnotes to the tables. 


Use of the Manual for determinative purposes 


Many chapters have keys or tables for differentiation of the vari- 
ous taxa contained therein. For identification of species, it is 
important to read both the generic and species descriptions 
because characteristics listed in the generic descriptions are not 
usually repeated in the species descriptions. 

The index is useful for locating the articles on unfamiliar 
taxa or in discovering the current classification of a particular 
taxon. Every bacterial name mentioned in the Manual is listed in 
the index. In addition, an up-to-date outline of the taxonomic 
framework is provided in the introductory chapter “Road map 
of the phyla Bacteroidetes, Spirochaetes, Tenericutes (Mollicutes), 
Acidobacteria, Fibrobacteres, Fusobacteria, Dictyoglomi, Gem- 
matimonadetes, Lentisphaerae, Verrucomicrobia, Chlamydiae and 
Planctomycetes". 


Errors, comments, and suggestions 


As in previous volumes, the editors and authors earnestly solicit 
the assistance of all microbiologists in the correction of possible 
errors in Bergey s Manual of Systematic Bacteriology. Comments 
on the presentation will also be welcomed as well as suggestions 
for future editions. Correspondence should be addressed to: 


Editorial Office 

Bergey's Manual Trust 

Department of Microbiology 

University of Georgia 

Athens, GA 30602-2605, USA 

Tel: +1-706-542-4219; fax 1-706-542-6599 
e-mail: bergeys@uga.edu 


Road map of the phyla Bacteroidetes, 
Spirochaetes, Tenericutes (Mollicutes), 
Acidobacteria, Fibrobacteres, Fusobacteria, 
Dictyoglomi, Gemmatimonadetes, Lentisphaerae, 
Verrucomicrobia, Chlamydiae, and Planctomycetes 


WOLFGANG LUDWIG, JEAN EUZÉBY AND WILLIAM B. WHITMAN 


This revised road map updates previous outlines of Garrity and 
Holt (2001) and Garrity et al. (2005) with the description of addi- 
tional taxa and new phylogenetic analyses. While the outline/ 
road map seeks to be complete for all taxa validated prior to July 
1, 2006, some taxa described after that date are included. 

The new phylogenetic trees are strict consensus trees based 
on various maximum-likelihood and maximum-parsimony anal- 
yses and corrected according to results obtained when apply- 
ing alternative treeing methods. Multifurcations indicate that a 
common branching order was not significantly supported after 
applying alternative treeing approaches. Detailed branching 
orders are shown if supported by at least 50% of the “treeings” 
performed in addition to the maximum-likelihood approach. 

Given that the focus is on the higher taxonomic ranks, 
rather restrictive variability filters were applied. Consequently, 
resolution power is lost for lower levels. Of special importance, 
relationships within genera lack the resolution that would be 
obtained with genus-family level analyses. Furthermore, the 
type strain tree, which is available online at www.bergeys.org, is 
an extract of comprehensive trees comprising some thousand 
sequences. Thus, trees for the specific groups in subsequent 
chapters, which are based upon smaller datasets and include the 
variable sequence positions, may differ with respect to detailed 
topology, especially at levels of closer relationships within and 
between genera. In the trees shown here, branch lengths — in 
first instance — indicate significance and only approximate esti- 
mated number of substitutions. 

Starting with the second edition of Bergey s Manual of System- 
atic Bacteriology, the arrangement of content follows a phylo- 
genetic framework or road map based largely on analyses of 
the nucleotide sequences of the ribosomal small-subunit RNA 
rather than on phenotypic data (Garrity et al., 2005). Implicit 
in the use of the road map are the convictions that prokary- 
otes have a phylogeny and that phylogeny matters. However, 
phylogenies, like other experimentally derived hypotheses, are 
not static but may change whenever new data and/or improved 
methods of analysis become available (Ludwig and Klenk, 
2005). Thus, the large increases in data since the publication of 
the taxonomic outlines in the preceding volumes have led to a 
re-evaluation of the road map. Not surprisingly, the taxonomic 
hierarchy has been modified or newly interpreted for a number 
of taxonomic units. These changes are described in the follow- 
ing paragraphs. 


The taxonomic road map proposed in volume 1 and updated 
and emended in volume 2 was derived from phylogenetic and 
principal-component analyses of comprehensive datasets of 
small-subunit rRNA gene sequences. A similar approach is 
continued here. Since the introduction of comparative rRNA 
sequencing (Ludwig and Klenk, 2005; Ludwig and Schleifer, 
2005), there has been a continuous debate concerning the 
justification and power of a single marker molecule for elu- 
cidating phylogeny and establishing taxonomy of organisms. 
Although generally well established in taxonomy, the polypha- 
sic approach cannot currently be applied for sequence-based 
analyses due to the lack of adequate comprehensive datasets 
for alternative marker molecules. Even in the age of genomics, 
the datasets for non-rRNA markers are poor in comparison to 
more than 400,000 rRNA primary structures available in general 
and special databases (Cole et al., 2007; Pruesse et al., 2007). 
Nevertheless, the data provided by the full genome-sequencing 
projects allow the definiton of a small set of genes represent- 
ing the conserved core of prokaryotic genomes (Cicarelli et al., 
2006; Ludwig and Schleifer, 2005). Furthermore, comparative 
analyses of the core gene sequences globally support the small- 
subunit rRNA derived view of prokaryotic evolution. Although 
the tree topologies reconstructed from alternative markers dif- 
fer in detail, the major groups (and taxa) are verified or at least 
not disproved (Ludwig and Schleifer, 2005). Consequently, the 
structuring of this volume is based on updated and curated 
(http://www.arb-silva.de; Pruesse et al, 2007) databases of 
processed small-subunit rRNA primary structures. 


Data analysis 


The current release of the integrated small-subunit rRNA data- 
base of the SILVA project (Pruesse et al., 2007) provides the basis 
for these phylogenetic analyses. The tools of the ARB software 
package (Ludwig et al., 2004) were used for data evaluation, 
optimization, and phylogenetic inference. A subset of about 
33,000 high-quality sequences from Bacteria was extracted from 
the current SILVA SSU Ref database. Among the criteria for 
restrictive quality analyses and data selection were coverage of at 
least positions 18-1509 (Escherichia coli 16S rRNA numbering), 
no ambiguities or missing sequence stretches, no chimeric pri- 
mary structures, low deviation from overall and group-specific 
consensus and conservation profiles, and good agreement of 
tree topologies and branch length with processed sequence 
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data. Unfortunately, only some of the type strain sequences suc- 
cessfully passed this restrictive quality check. The alignment of 
the sequences of this subset, as well as all type strain sequences 
initially excluded given incompleteness or lower quality, was 
manually evaluated and optimized. Phylogenetic treeing was 
first based on the high-quality dataset and performed applying 
phylum specific position filters (50% positional identity). The 
partial or lower quality type strain sequences were subsequently 
added using a special ARB-tool allowing the optimal positioning 
of branches to the reference tree without admitting topology 
changes (Ludwig and Klenk, 2005). The consensus trees used 
for evaluating or modifying the taxonomic outline were based 
on maximum-likelihood analyses (RAXML, implemented in 
the ARB package; Stamatakis et al., 2005) and further evaluated 
by maximum-parsimony and distance matrix analyses with the 
respective ARB tools (Ludwig et al., 2004). 


Taxonomic interpretation 


The phylogenetic conclusions were used for evaluating and 
modifying the taxonomic outline of the phyla “Bacteroidetes”, 
"Spirochaeles", Tenericutes (Mollicutes), “Acidobacteria”, "Fibrobac- 
teres’, “Fusobacteria”, “Dictyoglomi”, Gemmatimonadetes, Lentispha- 
erae, “ Verrucomicrobia" , “Chlamydiae’, and “Planctomycetes”. These 
include all the phyla not described in earlier volumes with the 
exception of the Actinobacteria, which will be included in the 
fifth and last volume of this edition. There is no particular ratio- 
nale for inclusion in this volume. Although some of the phyla 
may be related in a kingdom or superphylum (i.e., “Chlamydiae’, 
Lentisphaerae, “Planctomycetes”, and “Verrucomicrobia’) (Griffiths 
and Gupta, 2007; Lee et al., 2009; Pilhofer et al., 2008; Wag- 
ner and Horn, 2006), most are unrelated to each other (Figure 
1). Some are major pathogens of humans, other animals, and 
plants. Some are exotic and only described in the last decade. 

In order to ensure applicability and promote acceptance, 
the proposed taxonomic modifications were made following 
a conservative procedure. The overall organization follows the 
type “taxon” principle as applied in the previous volumes. Taxa 
defined in the outline of the preceding volumes were only uni- 
fied, dissected, or transferred in the cases of strong phylogenetic 
support. This approach is justified by the well-known low signifi- 
cance of local tree topologies (also called “range of unsharp- 
ness” around the nodes; Ludwig and Klenk, 2005). Thus, many 
of the cases of paraphyletic taxa found were maintained in the 
current road map if the respective (sub)-clusters rooted closely 
together, even if they were separated by intervening clusters rep- 
resenting other taxa. While reorganization of these taxa may be 
warranted, it was not performed in the absence of confirmatory 
evidence. The names of validly published, but phylogenetically 
misplaced, type strains are also generally maintained. These 
strains are mentioned in the context of the respective phylo- 
genetic groups. In cases of paraphyly, all concerned species or 
higher taxa are assigned to the respective (sub)-groups. New 
higher taxonomic ranks are only proposed if species or genera 
— previously assigned to different higher taxonomic units — are 
significantly unified in a monophyletic branch. 

Upon the recommendation of the Judicial Commission (De 
Vos et al., 2005), many of the names and classifications previ- 
ously proposed by Cavalier-Smith (2002) are not used in this 
work. The classification used categories not covered by the Rules 
of the Code and priority and proposed types without standing 
in nomenclature. For these reasons, the following phylum (or 
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FIGURE 1. Phyla Bacteroidetes, Spirochaetes, Tenericutes, Acidobacteria, 
Fibrobacteres, Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae, Ver- 
rucomicrobia, Chlamydiae, and Planctomycetes. While the phyla Lentisphaerae, 
Verrucomicrobia, Chlamydiae, and Planctomycetes may be specifically related 
to each other, the other phyla included in volume 4 are not related. 


division) names are not used: Planctobacteria, Sphingobacteria, 
and Spirochaetae. Likewise, the following class names are not 
used: Acidobacteria, Chlamydiae, Flavobacteria, Planctomycea, and 
Spirochaetes. Lastly, priority for the order name Acidobacteriales is 
no longer attributed to Cavalier-Smith (2002). 


Phylum *Bacteroidetes" 


In previous classifications, the phylum “Bacteroidetes” was proposed 
to comprise three classes, “Bacteroidia’, “Flavobactertia” , and “Sphin- 
gobacteriia” (Garrity et al., 2005). While the analyses performed 
here, which were based upon many more sequences and differ- 
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FIGURE 2. Overview of the phylum “Bacteroidetes”. This phylum contains 15 families classified within four classes. 
Currently, the incertae sedis taxa Balneola and " Rhodothermaceae" are classified within the class “ Cytophagia". 


ent methods, generally support this conclusion, they also justify 
formation of a fourth class within this phylum, the * Cytophagia" 
(Figure 2). This new class comprises many genera previously 
classified within the *Flexibacteraceae" , " Flammeovirgaceae", and Cren- 
otrichaceae (see below). Thus, the phylum “Bacteroidetes” comprises 
at least four phylogenetic groups that are well delineated on the 
basis of their 16S rRNA gene sequences. In addition, two groups 
are affiliated with the phylum but could not be readily assigned 
to one of these classes. While additional evidence may warrant 
classification with one of the known or novel classes, these organ- 
isms were grouped within Incertae sedis of the " Cytophagia" for the 
present time (Figure 2). 


Class “Bacterioidia’ and order “Bacteroidales” 


The class “Bacterioidia’ contains five families, all classified within 
the order “Bacteroidales”. These families include the four families 
proposed previously (Garrity et al., 2005), Bacteroidaceae, “ Rikenel- 
laceae’, " Porphyromonadaceae", and " Prevotellacea", as well as a new 
family proposed here, “Marinilabiliaceae’ (Figure 3). In addition, 
on the basis of the dissimilarity of its 16S rRNA gene sequence to 
other members of the order, Odoribacter (Bacteroides) splanchnicus 
may represent an additional undescribed family or a member 
of the “Marinilabiliaceae’. However, chemotaxonomic character- 
istics and analyses of the fimA gene imply a close relationship to 
the family *Porphyromonadaceae" (Hardham et al., 2008). There- 
fore, its reclassification is not proposed at this time. Lastly, the 
recently described marine organism, Prolixibacter bellariivorans, 
appears to represent a deep lineage in this class but whose affili- 
tation with these families is ambiguous (Holmes et al., 2007). 


Family Bacteroidaceae 


In addition to the type genus, Bacteroides, this family comprises 
three monospecific genera, Acetofilamentum, Acetothermus, and 
Anaerorhabdus, and one genus, Acetomicrobium, comprising 
two species. Because complete 16S rRNA gene sequences are 
not available for representatives of these four genera, these 
assignments are tentative. Two genera previously assigned to 


this family have also been reassigned. As recommended by 
Morotomi et al. (2007), Megamonas has been transferred to the 
Firmicutes. Based on its rRNA gene sequence, Anaerophaga has 
been transferred to the new family “Marinilabiliaceae’. 

The genus Bacteroides comprises at least six lineages or clades. 
The type species, Bacteroides fragilis, together with Bacteroides 
acidifaciens, caccae, finegoldii, nordii, ovatus, salyersiae, thetaiotao- 
micron, and. xylanisolvens, represent a cluster slightly separated 
from the other members of the genus. If supported by other 
evidence, each of the other lineages could be classified as new 
genera within this family. The other lineages are represented 
by Bacteroides cellulosilyticus and intestinalis, Bacteroides coprosuis 
and propionifaciens, Bacteroides pyogenes, suis, and tectus; Bacteroi- 
des barnesiae, coprocola, coprophilus, dorei, helcogenes, massiliensis, 
plebeius, salanitronis, uniformis, and vulgatus. The species Bacteroi- 
des eggerthii, gallinarum, and stercoris cannot clearly be assigned 
to one of the lineages. 

In addition to these clades within the genus, the following 
validly published species are probably misclassified. Bacteroides 
splanchnicus was recently reclassified as Odoribacter splanchnicus 
(Hardham et al., 2008); this genus may represent a novel mem- 
ber of family “Porphyromonadaceae” (see above). Bacteroides cap- 
illosus and cellulosolvens are probably members of the phylum 
Firmicutes. In addition, rRNA gene sequences are not available 
for Bacteroides capillus, forsythus, furcosus, polypragmatus, and sali- 
vosus, so their assignment is uncertain. 

Lastly, the family Bacteroidaceaeappears to be paraphyletic, and 
the family *Prevotellaceae" falls within the radiation of Bacteroides 
clades. Because the members of the “Prevotellaceae’ are gener- 
ally closely related and the branch length to the Bacteroidaceae 
is fairly long, this conclusion is tentative. While these families 
were not combined at this time, this classification may warrant 
further investigation. 


Family “Marinilabiliaceae” 


This family represents a group of sister but not clearly monophyl- 
etic branches within the “Bacteroidales” and comprises three genera. 
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FIGURE 3. Genera of the class “Bacteroidia’. This class comprises five families and the genus Prolixibacter, which has 


not yet been assigned to a family. 


The type genus, Marinilabilia, contains two species, Marinilabilia 
salmonicolor and agarovorans, and was previously classified within 
the “Rikenellaceae” (Garrity et al, 2005). The remaining taxa 
include Alkaliflexus imshenetskii and Anaerophaga thermohalophila, 
the latter of which was formerly classified within the Bacteroidaceae 
(Garrity et al., 2005). The current analysis suggests that Cytophaga 
Jermentans should be reclassified as a novel genus that is associ- 
ated with this family. Lastly, rRNA analyses suggest that Odoribacter 
(Bacteroides) splanchnicus, which was proposed after the deadline 
for inclusion in this volume, may represent an additional mem- 
ber of the “Marinilabiliaceae’. However, chemotaxonomic charac- 
teristics and analyses of the fimA gene imply a close relationship 
to the family “Porphyromonadaceae’ (Hardham et al., 2008), so this 
classification is not proposed at this time. 


Family “Rikenellaceae” 


The family comprises the monospecific genus Rikenella micro- 
fusus and the closely related genus Alistipes. The latter genus 
comprises the type species Alistipes putredinis and. Alistipes fine- 
goldii, onderdonkii, and shahii. Marinilabilia, which was classified 
within this family by Garrity et al. (2005), is now classified within 
the family * Marinilabiliaceae". 


Family “Porphyromonadaceae” 


The genus Porphyromonas, which was formed by reclassification 
of various species of Bacteroides (Shah and Collins, 1988), is the 
type for this family. Originally, this family comprised the genera 
Porphyromonas, Dysgonomonas, and Tannerella (Garrity et al., 
2005). 

The genus Porphyromonas comprises five subclusters: (1) the 
type species Porphyromonas asaccharolytica and Porphyromonas 
circumdentaria, endodontalis, gingivicanis, and uenonis; (2) Porphy- 
romonas cangingivalis, canoris, levii, and somerae, (3) Porphyromo- 
nas crevioricanis, gingivalis, and gulae, (4) Porphyromonas catoniae 
and macacae, and (5) Porphyromonas cansulci. 


The genus Dysgonomonas comprises the type Dysgonomonas 
gadei and the closely related species Dysgonomonas capnocytopha- 
goides and mossii. 

The last genus is monospecific, Tannerella forsythia. 

The current analyses add five other genera to this family. 
These include three monospecific genera represented by 
Paludibacter propionicigenes, Petrimonas sulfuriphila, and Pro- 
teiniphilum acetatigenes. Also included is the recently described 
genus comprising Barnesiella viscericola and intestinthominis 
(Morotomi et al., 2008; Sakamoto et al., 2007). Lastly, the 
genus Parabacteroides comprises the type species Parabacteroides 
distasonis and three closely related species Parabacteroides gold- 
steinii, johnsonii, and merdae (Sakamoto and Benno, 2006). This 
last genus was also described after the deadline for inclusion 
in this volume. 


Family “Prevotellaceae” 


Although the family “Prevotellaceae’ appears within the cluster 
of species of the family Bacteroidaceae, the genera representing 
the “Prevotellaceae” are well separated from the Bacteroidaceae. 
Therefore, both families are continued in the current classifi- 
cation. The genus Prevotella, which was formed by reclassifica- 
tion of various species of Bacteroides (Shah and Collins, 1990), 
is the type for this family. It comprises a number of phylo- 
genetic groups, each of which may warrant reclassification 
into one or more genera if supported by additional evidence: 
(1) the type species Prevotella melaninogenica and Prevotella 
histolytica and veroralis, (2) Prevotella denticola and multiformis; 
(3) Prevotella corporis, disiens, falsenii, intermedia, nigrescens, and 
pallens; (4) Prevotella maculosa, oris, and salivae; (5) Prevotella 
bryantii, and multisaccharivorax; (6) Prevotella baroniae, buccae 
and dentalis; (7) Prevotella enoeca and pleuritidis; (8) Prevotella 
buccalis and timonensis; (9) Prevotella loescheii and shahii; (10) 
Prevotella brevis and ruminicola; and (11) Prevotella amnii and 
bivia. 
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The species Prevotella albensis, bergensis, copri, marshii, oralis, 
oulorum, paludivivens, and stercorea cannot be clearly assigned to 
one of the lineages. Xylanibacter oryzae is also found within the 
radiation of the described Prevotella clusters. Prevotella tannerae 
represents a more distant branch of the family. In contrast, 
Prevotella heparinolytica and zoogleoformans are clearly separated 
from the other members of this family and may warrant reclas- 
sification. Lastly, Hallella seregens is closely related to Prevotella 
dentalis, which has priority (Willems and Collins, 1995). There- 
fore, Hallella seregens is not used. 


Class “Flavobacteriia’ and order “Flavobacteriales” 


This class comprises a single order, “Flavobacteriales”, and is 
essentially unchanged from the original proposal of Garrity 
et al. (2005). The order comprises three families, Flavobacteri- 
aceae, “Blattabacteriaceae’, and Cryomorphaceae (Figures 4 and 5) 
(Bowman et al., 2003). The family “Myroidaceae” proposed by 


Costertonia 
Flagellimonas 
Muricauda 
Maribacter 
Pibocella 
Robiginitalea 
Zeaxanthinibacter 
Zobellia 
Arenibacter 
Sediminicola 
Cellulophaga 
Dokdonia 
Krokinobacter 
Aquimarina 
Salinimicrobium 
Gillisia 
Psychroflexus 
Zunongwangia 
Gramella 
Salegentibacter 
Mesonia 
Donghaeana 
Persicivirga 
Nonlabens 
Sandarakinotalea 
Stenothermobacter 
Galbibacter 
Joostella 
Zhouia 
Coenonia 
Capnocytophaga 
Aequorivita 
Vitellibacter 
Flavobacterium 
Myroides 
Leeuwenhoekiella 
Leptobacterium 
Flaviramulus 
Tamlana 
Mariniflexile 
Yeosuana 
Gaetbulibacter 
Algibacter 
Lacinutrix 
Olleya 
Mesoflavibacter 
Bizionia 


Flavobacteriaceae 


Y 


FIGURE 4. Genera of the class “Flavobactertia’. This class comprises 
three families. The first part of the family lavobacteriaceae is shown 
here. 


Garrity et al. (2005) was judged to be insufficiently resolved 
from the Flavobacteriaceae and was not used. 


Family Flavobacteriaceae 


This extraordinarily diverse family comprises over 70 genera. 
The rRNA analyses indicate the presence of many phylogenetic 
clusters that may warrant separation into novel families if sup- 
ported by additional evidence. Many of the clusters described 
here are identical to those found by Bernardet and Nakagawa 
(2006) or include mostly taxa described after their work. Clus- 
ter (1) includes the type genus Flavobacterium and Myroides. This 
latter genus includes three closely related species, Myroides odo- 
ratus, odoratimimus, and pelagicus. Although the genus Flavobacte- 
rium is very diverse, the rRNA phylogeny lacks clear indication 
of clades that might serve as the basis for further subdivision. 
Species included in this genus include the type species Flavobac- 
terium aquatile and, in alphabetical order, Flavobacterium antarcti- 
cum, aquidurense, branchiophilum, columnare, croceum, cucumis, 
daejeonense, defluvii, degerlachei, denitrificans, flevense, frigidarium, 
frigidimaris, frigoris, fryxellicola, gelidilacus, gillisiae, granuli, her- 
cynium, hibernum, hydatis, johnsoniae, limicola, micromati, omnivo- 
rum, pectinovorum, psychrolimnae, psychrophilum, saccharophilum, 
saliperosum, segetis, soli, succinicans, suncheonense, tegetincola, ter- 
rae, terrigena, weaverense, xanthum, and xinjiangense. In addition, 
there are some species for which sequences are not available, 
including Flavobacterium acidificum, acidurans, oceanosedimentum, 
and thermophilum. 

(2) Capnocytophaga ochracea (type species), canimorsus, cyno- 
degmi, gingivalis, granulosa, haemolytica, ochracea, and sputigena; 
and Coenonia anatina. Although Galbibacter mesophilus (Khan 
et al., 2007c), Joostella marina (Quan et al., 2008), and Zhouia 
amylolytica are associated with this cluster, this relationship is 
not strong. 

(3) Actibacter sediminis (Kim et al., 2008a); Aestuariicola sae- 
mankumensis (Yoon et al., 2008d); Lutibacter litoralis, Lutimonas 
vermicola (Yang et al., 2007); Polaribacter filamentus (type spe- 
cies), butkevichii, franzmamma, and glomeratus; Polaribacter dokdon- 
ensis (which forms a separate clade from the other species of 
this genus); Tenacibaculum maritimum (type species), adriaticum, 
aestuarii, aiptasiae, amylolyticum, galleicum, litopenaei, litoreum, luti- 
maris, mesophilum, ovolyticum, skagerrakense, and soleae. 

(4) Chryseobacterium gleum (type species), aquaticum, aqui- 
frigidense, arothri, balustimum, bovis, caeni, daecheongense, daeg- 
uense, defluvii, flavum, formosense, gambrini, gregarium, haifense, 
hispanicum, hominis, hungaricum, indologenes, indoltheticum, 
jejuense, joostei, luteum, marina, molle, oranimense, pallidum, pis- 
cium, scophthalmum, shigense, soldanellicola, soli, taeanense, taic- 
hungense, taiwanense, ureilyticum, vrystaatense, and wanjuense. In 
addition to these species, the following taxa appear within the 
radiation of Chryseobacterium, including Epilithonimonas tenax, 
Kaistella koreensis, Sejongia antarctica (type species) and jeonii. 
Other taxa within this cluster include Bergeyella zoohelcum, Clo- 
acibacterium normanense, Elizabethkingia meningoseptica (type 
species) and miricola, Empedobacter brevis, Ornithobacteriwm rhi- 
notracheale, Riemerella anatipestifer (type species) and columbina, 
Wautersiella falsenii, and Weeksella virosa. 

(5) Arenibacter latericius (type species), certesii, echinorum, pal- 
ladensis, and troitsensis, Cellulophaga algicola, baltica, and pacifica 
(a clade which does not include the type species); Costertonia 
aggregata, Flagellimonas eckloniae (Bae et al, 2007); Maribacter 
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FIGURE 5. Genera of the class *lavobacteriia". This class comprises three families. The second part of the family 
Flavobacteriaceae and the remaining two families are shown here. 


sedimenticola (type species), aquivivus, arcticus, dokdonensis, forsetit, 
orientalis, polysiphoniae and ulvicola; Muricauda ruestringensis 
(type species), aquimarina, lutimaris, and flavescens, Pibocella ponti 
(which appears within the cluster of Maribacter species); Robigini- 
talea biformata and myxolifaciens; Sediminicola luteus; Zeaxanthini- 
bacter enoshimensis (Asker et al., 2007); and Zobellia galactanivorans 
(type species), amurskyensis, laminariae, russellii, and uliginosa. In 
addition, Cellulophaga lytica (the type species of this genus) and 
fucicola appear as either a deep branch of this cluster (Bernardet 
and Nakagawa, 2006) or as an associated but independent group 
(this analysis). In either case, the reclassification of Cellulophaga 
algicola, baltica, and pacifica to a new genus would appears to be 
warranted. Lastly, the type strain of Pibocella ponti has been lost. 


If available, this strain would be reclassified within Maribacter. 
For that reason, this genus is not included in the outline. 

(6) Algibacter lectus and mikhailovii; Flaviramulus basaltis; 
Gaetbulibacter saemankumensis and marinus; Mariniflexile gromovii 
and fucanivorans, Tamlana crocina (Lee, 2007); and Yeosuana 
aromativorans. 

(7) Croceibacter atlanticus and Sediminibacter furfurosus (Khan 
et al., 2007a). 

(8) Gelidibacter algens (type species), gilvus, mesophilus, and 
salicanalis, Subsaxibacter broadyi; Subsaximicrobium wynnwilliamsü 
(type species) and saxinquilinus. 

(9) Lacinutrix copepodicola, algicola, and mariniflava; and Olleya 
marilimosa. 
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(10) Gilvibacter sediminis (Khan et al., 2007a); Marixanthomo- 
nas ophiurae (Romanenko et al., 2007). Ulvibacter litoralis and 
antarcticus. 

(11) Dokdonia donghaensis, Krokinobacter genikus (type species), 
diaphorus, eikastus, and genicus. 

(12) Donghaena dokdonensis, Nonlabens tegetincola; Persicivirga 
xylanidelens, Sandarakinotalea sediminis, and Stenothermobacter 
spongiae. 

(13) Gillisia limnaea (type species), hiemivivida, illustrilutea, 
mitskevichiae, myxillae, and sandarakina; Gramella echinicola (type 
species) and portivictoriae, Mesonia algae (type species) and mobi- 
lis, Psychroflexus torques (type species), gondwanensis, and tropicus; 
Salegentibacter salegens (type species), agarivorans, flavus, holothu- 
riorum, mishustinae, salaries, and salinarum, Salinimicrobium cat- 
ena, terrae, and xinjiangense (Chen et al., 2008; Lim et al., 2008); 
and Zunongwangia profunda (Qin et al., 2007). Among these 
taxa, Salinimicrobium catena was previously classified as Salegent- 
ibacter catena (Lim et al., 2008). 

(14) Aequorivita antarctica (type species), crocea, lipolytica, and 
sublithincola and Vitellibacter vladivostokensis. 

In addition to these well delineated clusters, a large number 
of taxa were not closely associated with any of these clusters or 
each other. These include: Aquimarina muelleri (type species), 
brevivitae, intermedia, and latercula; Bizionia paragorgiae (type spe- 
cies), gelidisalsuginis, and saleffrena, a second clade of Bizionia 
species including Bizionia algoritergicola and myxarmorum; Formosa 
algae (type species) and agariphila, Fulvibacter tottoriensis, Kordia 
algicida; Leeuwenhoekiella marinoflava (type species), aequorea, and 
blandensis, Leptobacterium flavescens, Mesoflavibacter zeaxanthinifa- 
ciens, Psychroserpens burtonensis (type species) and mesophilus; and 
Winogradskyella thalassocola (type species), epiphytica, eximia, and 
poriferorum. The rRNA gene sequences of the following pairs of 
genera are closely related, which may justify combining them: 
Sandarakinotalea—Nonlabens;, Dokdonia—Krokinobacter. 


Family “Blattabacteriaceae” 


This family comprises Blattabacterium cuenoti, which is an endo- 
symbiont of insects that has not been grown in pure culture. 


Family Cryomorphaceae 


Proposed by Bowman et al. (2003) to include novel genera of 
cold-tolerant marine bacteria isolated from sea ice and other 
polar environments, this family comprises six monospecific gen- 
era: Cryomorpha ignava, Brumimicrobium glaciale, Crocinitomix catal- 
asitica, Fluviicola taffensis, Lishizhenia caseinilytica, and Owenweeksia 
hongkongensis. The phylogenetic analyses conducted here sug- 
gest that this family is polyphenetic and contains three lineages 
that cluster together at the base of the phylogenetic tree for the 
Flavobacteriales. Cryomorpha and Owenweeksia each comprise one 
monogeneric lineage, with the remaining four genera compris- 
ing the third lineage. However, in the absence of additional evi- 
dence, these lineages were not separated at this time. 


Class "Sphingobacteriia" and order 
"Sphingobacteriales" 


This class comprises a single order, the “Sphingobacteriales”. It 
is more circumscribed than the original proposal (2005) and 
excludes many taxa previously classified within the “Mexibacte- 
raceae’. The order comprises three families: Sphingobacteriaceae, 
" Chitinophagaceae", and “Saprospiraceae” (Figure 6). The family 
Crenotrichaceae was removed because the type genus Crenothrix 
was transferred to the Proteobacteria (Stoecker et al., 2006). The 
genus Chitinophaga then became the type for a new family within 
the order. Based upon their rRNA gene sequence similarities, 
the genera Rhodothermus and Salinibacter, which were also pre- 
viously classified within the Crenotrichaceae, were transferred 
to the class “Cytophagia” as an order incertae sedis (see below). 
Similarly, Balneola, which was described after the deadline for 
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FIGURE 6. Genera of the class “Sphingobacteriia’. 
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inclusion in this volume, was classified within the Crenotrichaceae 
based in part upon its similarity to Rhodothermus (Urios et al., 
2006). Analyses performed here suggest that it may also be a 
deep lineage of the “Cytophagia’. Lastly, the sequence of the 16S 
rRNA gene for Toxothrix trichogenes is not available, so this genus 
was transferred to incertae sedis. Even with these changes, this 
class is not clearly monophyletic (Figure 2). The families “ Chi- 
tinophagaceae” and “Saprospiraceae’ may represent a sister lineage 
to the family Sphingobacteriaceae. However, it the absence of con- 
firmatory evidence, the grouping of the three families into one 
class was retained in the current outline. 


Family Sphingobacteriaceae 


At the time these analyses were performed, seven genera were 
identified within this family. The genera Sphingobacterium, 
Olivibacter, Parapedobacter, and Pseudosphingobacterium form one 
phylogenetic cluster. The genera Pedobacter, Mucilaginibacter, 
and Nubsella form a second cluster. In addition, the species 
Flexibacter canadensis represents an additional deep phyloge- 
netic group within this family that may warrant classification as 
a novel genus. 

The genus Sphingobacterium comprises Sphingobacterium spiri- 
tivorum (type species), anhuiense, canadense, composti, daejeonense, 
faecium, | kitahiroshimense, mizutaii, multivorum, siyangense, and 
thalpophilum. Interestingly, the species epithet Sphingobacterium 
composti was independently proposed for two different organ- 
isms by Ten et al. (2006, 2007) and Yoo et al. (2007). Because 
Sphingobacterium composti Ten et al. (2007) has priority, the spe- 
cies of Yoo et al. (2007) warrants renaming. In addition, this 
genus contains Sphingobacterium antarcticum, whose rRNA gene 
sequence is not available. Related to the genus Sphingobacterium 
are the taxa Olivibacter sitiensis (type species), ginsengisoli, soli, 
and terrae (Ntougias et al., 2007; Wang et al., 2008), Parapedo- 
bacter koreensis (type species) and soli (Kim et al., 2007b, 2008b), 
and Pseudosphingobacterium domesticum (Kim et al, 2007b; 
Vaz-Moreira et al., 2007). These genera were described after the 
deadline for inclusion in this volume. 

The second cluster is composed of Pedobacter species, which 
itself comprises four subclusters. The first subcluster contains 
Pedobacter heparinus (type species), africanus, caeni, cryoconitis, 
duraquae, ginsengisoli, himalayensis, metabolipauper, panaciterrrae, pis- 
cium, steynii, and westerhofensis. The second subcluster comprises 
Pedobacter insulae and koreeensis. The third subcluster comprises 
Pedobacter daechungensis, lentus, saltans, and terricola, which may 
warrant reclassification into a novel genus if supported by addi- 
tional evidence. A fourth subcluster is represented by Mucilag- 
inibacter gracilis, kameinonesis, and paludis (Pankratov et al., 2007; 
Urai et al., 2008). A number of species were not closely associ- 
ated with any of these clusters or each other: Nubsella zeaxan- 
thinifaciens (Asker et al., 2008); Pedobacter agri, aquatilis, composti, 
roseus, sandarokinus, suwonensis, and terrae. 


Family “Chitinophagaceae” 


This family contains two phylogenetic clusters. The first clus- 
ter includes the genus Chitinophaga. This genus comprises 
Chitinophaga pinensis (type species), arvensicola, filiformis, ginsen- 
gisegetis, ginsengisoli, japonensis, sancti, skermani, and terraei. The 
second cluster includes six related genera with ten species: Fla- 
visolibacter ginsengisoli and ginsengiterrae (Yoon and Im, 2007); 
Niabella aurantiaca and soli (Kim et al., 2007a; Weon et al., 


2008a); Niastella koreensis (type species) and yeongjuensis (Weon 
et al., 2006); Sediminibacterium salmoneum (Qu and Yuan, 2008); 
Segetibacter koreensis (An et al., 2007); and Terrimonas ferruginea 
(type species) and lutea. Flavisolibacter, Niabella, Niastella, Sedi- 
minibacterium, and Segetibacter were described after the deadline 
for inclusion in this volume (Weon et al., 2006). 


Family “Saprospiraceae” 


As originally proposed by Garrity et al. (2005), the family com- 
prises three related genera and nine species. These include: Sap- 
rospira grandis, Haliscomenobacter hydrossis, and Lewinella cohaerens 
(type species), agarilytica, antarctica, lutea, marina, nigricans, and 
persica. Recently, the newly discovered genus Aureispira (marina 
and maritime) has also been classified within this family (Hosoya 
et al., 2006, 2007). 


Class "Cytophagia" and order Cytophagales 


Analyses performed here of the rRNA genes indicate that many 
of the genera previously classified within the families “Flexi- 
bacteracea and “Flammeovirgaceae” are not closely related to 
the “Sphingobacteriia” and should be transferred to a novel class 
(Figure 7). The order Oytophagales is designated the type for the 
new class. The genus Cytophaga is the type for the order and 
family Cytophagaceae. Because the family Cytophagaceae includes 
the type genera of the families “Flexibacteraceae” and Spiroso- 
maceae, these classifications are not used. 
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FIGURE 7. Genera of the class * Cytophagia". This class comprises three 
families and four orders incertae sedis. 
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Family Cytophagaceae 


This family comprises 19 genera distributed within seven phylo- 
genetic clusters: the first cluster includes Cytophaga hutchinsonii 
(type species) and aurantiaca, the second cluster includes Sporo- 
cytophaga myxococcoides (type and only species); the third cluster 
includes Effluvitbacter roseus, Hymenobacter roseosalivarius (type 
species), actinosclerus, aerophilus, chitinivorans, deserti, gelipurpura- 
scens, norwichensis, ocellatus, psychrotolerans, rigui, soli, and xinjian- 
gensis, and Pontibacter actiniarum (type species), akesuensis, and 
korlensis. In addition, Adhaeribacter aquaticus appears to repre- 
sent a deep lineage in this cluster. 

The fourth cluster includes Arcicella aquatica and rosea; Dyado- 
bacter fermentans (type species), alkalitolerans, beijingensis, crusti- 
cola, ginsengisoli, hamtensis, and koreensis, Emlicicia ginsengisoli and 
oligotrophica; Flectobacillus major (type species) and lacus; Larki- 
nella insperata; Leadbetterella byssophila; Persicitalea jodogahamensis 
(Yoon etal., 2007b); Rudanella lutea (Weon etal., 2008b) ; Runella 
slithyformis (type species), defluvii, limosa, and zeae, and Spirosoma 
linguale, panaciterrae, and rigui. The fifth cluster includes Flexi- 
bacter roseolus, elegans, and Microscilla marina. The sixth cluster 
comprises Flexibacter flexilis (type species). The seventh cluster 
comprises Flexibacter ruber. 

Cyclobacterium and Reichenbachiella, two genera previously 
classified with this group (Garrity et al., 2005), have been 
transferred to the "Cyclobacteriacea£" and *Flammeovirgaceae", 
respectively. In addition, Meniscus glaucopis is retained within 
the Oytophagaceae even though the sequence of its rRNA gene 
is not available. 


Family “Cyclobacteriaceae” 


This family includes the genus Cyclobacterium, which was pre- 
viously classified within the “Flexibacteraceae’, and five related 
genera: Cyclobacterium marinum (type species), amurskyense, and 
lianum; Aquiflexum balticum; Algoribhagus ratkowskyi (type spe- 
cies), alkaliphilus, antarcticus, aquimarinus, boritolerans, chordae, 
halophilus, locisalis, mannitolivorans, marincola, ornithinivorans, 
terrigena, vanfongensis, winogradskyi, and yeomjeoni. This cluster 
includes Chimaereicella and Hongiella species that were trans- 
ferred to Algoriphagus (Nedashkovskaya et al., 2007b); Belliella 
baltica, Echinicola pacifica (type species) and vietnamensis, and 
Rhodonellum psychrophilum represent further genera. 


Family “Flammeovirgaceae” 


This family includes the genus Flammeovirga and at least seven 
related genera and one Candidatus taxon. This family com- 
prises two phylogenetic groups which are neighbors in all 
trees but not clearly monophyletic. In addition, Thermonema, 
which was previously classified in this family (Garrity et al., 
2005), possesses only low similarity to the other genera and 
was reclassified to an order incertae sedis. Subsequently, it was 
found that this reassignment was equivocal, and analyses with 
more representatives of this family are ambiguous (Figure 7). 
For the purposes of this road map, this genus was retained in 
an order incertae sedis. As a result, this family comprises two 
phylogenetic groups: Flammeovirga aprica (type species), are- 
naria, kamogawensis, and yaeyamensis; Flexibacter aggregans, litora- 
lis, and polymorphus, which appear to be misclassified; Flexithrix 
dorotheae, Limibacter armeniacum (Yoon et al., 2008b); Perexili- 
bacter aurantiacus (Yoon et al., 2007a); Rapidithrix thailandica 


(Srisukchayakul et al., 2007); and Sediminitomix flava (Khan 
et al., 2007b). 

The second group comprises Fabibacter halotolerans; Fulvi- 
virga kasyanovii (Nedashkovskaya et al., 20072); Reichenbachiella 
agariperforans, Roseivirga ehrenbergii (type species), echinicomitans, 
seohaensis, and spongicola; and Persicobacter diffluens. 

In addition, Flexibacter tractuosus, which appears to be mis- 
classified, and “Candidatus Cardinium hertigii", a symbiont of 
parasitoid wasps (Zchori-Fein et al., 2004), are neighboring lin- 
eages. 


Class "Cytophagia" orders incertae sedis 


In addition to the members of these families whose taxonomic 
position is relatively well defined, three deep lineages are clas- 
sified within “Cytophagia” as separate orders incertae sedis. These 
lineages include (1) the family “Rhodothermaceae’, comprising 
Rhodothermus marinus and Salinibacter ruber, (2) the genus Bal- 
neola, with species Balneola vulgaris (type) and alkaliphila, which 
were described after the deadline for inclusion in the volume 
(Urios et al., 2006, 2008); and (3) Thermonema lapsum (type spe- 
cies) and rossianum (which may also be assigned to the “Flam- 
meovirgaceae") . 

The assignment of the first two lineages to this class is ambig- 
uous, and their reclassification may be warranted with addi- 
tional evidence. Toxothrix trichogenes, for which the rRNA gene 
sequence is not available, is also included as incertae sedis within 
this class. 


Phylum “Spirochaetes” 


As a result of the current analyses of 16S rRNA gene sequences, 
a single class and order are recognized within the phylum “Spv- 
rochaetes”. Members of the *Spirochaetes" possess a cellular ultra- 
structure unique to bacteria with internal organelles of motility, 
namely periplasmic flagella. 


Class "Spirochaetia" and order Spirochaetales 


The class comprises a single order. The order Spirochaetales com- 
prises four families that are well delineated by 16S rRNA gene 
sequences (Figure 8). Compared to the previous outline (Gar- 
rity et al., 2005), the families Spirochaetaceae and Leptospiraceae 
are retained in the current classification. However, the genus 
Serpulina was judged to be a subjective synonym of Brachyspira 
(Ochiai et al., 1997). As a consequence, the family "Serpuli- 
naceae” was replaced with “Brachyspiraceae’. The genus Brevinema 
was also transferred from the family Spirochaetaceae to a novel 
family “ Brevinemataceae" in recognition of the differences in 16S 
rRNA gene sequences. Lastly, four genera of arthropod symbi- 
onts for which no sequences are available were transferred from 
the Spirochaetaceae to a fifth family, incertae sedis. 


Family Spirochaetaceae 


This family comprises four genera that are well delineated on 
the basis of their 16S rRNA gene sequences. Compared to previ- 
ous classifications, the genus Brevinema was transferred to a new 
family on the basis of substantial differences in its 165 rRNA 
gene sequence. Likewise, the genera Clevelandina, Diplocalyx, 
Hollandina, and Pillotina were transferred to a family incertae 
sedis in the absence of rRNA gene sequences. 

The culture for the type species of the genus Spirochaeta, Spi- 
rochaeta plicatilis, is not available, and its rRNA gene has not 
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FIGURE 8. Genera of the phylum “Spirochaetes”. 


been sequenced. Of the remaining species, three are more 
closely related to Treponema and should probably be reclas- 
sified within that group (see below). The remaining species 
of the genus Spirochaeta comprise at least seven phylogenetic 
groups: (1) Spirochaeta africana and asiatica; (2) Spirochaeta 
alkalica, americana, and halophila; (3) Spirochaeta aurantia; (4) 
Spirochaeta bajacaliforniensis and smaragdinae, (5) Spirochaeta coc- 
coides; (6) Spirochaeta isovalerica and litoralis, and (7) Spirochaeta 
thermophila. 

The genus Borrelia comprises three phylogenetic groups. 
One group contains the type species, Borrelia anserina, and the 
causative agents of relapsing fever, Borrelia coriaceae, crocidurae, 
duttonii, hermsii, hispanica, miyamotoi, parkeri, persica, recurrentis, 
theileri, and turicatae.. Many of these species are transmitted by 
soft-bodied ticks. The second group includes the causative agent 
of Lyme disease, Borrelia burgdorferi, and species transmitted by 
hard-bodied ticks, Borrelia afzelii, burgdorferi, garinii, japonica, lus- 
itaniae, sinica, spielmanii, tanukii, turdi, and valaisiana. The third 
group consists solely of Borrelia turcica. 

In addition, sequences are not available for some named 
species, including Borrelia baltazardii, brasiliensis, caucasica, dug- 
esii, graingeri, harveyi, latyschewii, mazzottii, tillae, and venezuel- 
ensis. 

The genus Cristispira is represented by a single species, Cris- 
lispira pectinis, which is related to Borrelia. This microorganism 
has been identified in the crystalline styles of oysters (Paster 
et al., 1996). 

The genus Treponema comprises three phylogenetic groups: 
Treponema pallidum (type species), “calligyrum”, denticola, medium, 
phagedenis, putidum, "refringens", and "vincenti; in addition, 
Spirochaeta zuelzerae is associated with this group. The second 
group comprises Treponema amylovorum, berlinense, bryantii, bren- 
naborense, lecithinolyticum, maltophilum, parvum, | pectinovorum, 
porcinum, saccharophilum, socranskii, and succinifaciens. The third 
group comprises Treponema azotonutricium and primita; in addi- 
tion, Spirochaeta caldaria and stenostrepta are associated with this 
group. Lastly, no sequence is available for Treponema minutum, so 
its placement is ambiguous. 


Family "Brachyspiraceae" 


This family comprises a single genus of closely related species: 
Brachyspira aalborgi (type species), alvinipulli, hyodysenteriae, inno- 
cens, inlermedia, murdochii, and pilosicoli. Many of the species in this 
genus were previously classified in the genus Serpulina, which is 
not used in the current classification (Ochiai et al., 1997). 


Brevinema 


Brachyspira 


Treponema 


Borrelia Spirochaetaceae 


Cristispira 


"Brevinemataceae" 


| "Brach yspiraceae" 


Leptospiraceae 


Family “Brevinemataceae” 


This family is represented by a single genus and species, 
Brevinema andersonii, isolated from rodents. 


Family Leptospiraceae 


This family comprises the large genus Leptospira and two mono- 
species genera, Leptonema illini and Turneriella parva. These 
latter genera were previously classified within the Leptospira. 
However, on the basis of differences in their 16S rRNA gene 
sequences, they were transferred to novel genera. 

The genus Leptospira comprises three phylogenetic groups: 
(1) Leptospira interrogans (type species), alexanderi, borgpetersenii, 
kirschneri, noguchii, santarosai, and weilit; (2) Leptospira broomii, 
fainei, inadai, licerasiae, and wolffii, and (3) Leptospira biflexa, mey- 
eri, and wolbachii. 


Spirochaetales family incertae sedis 


This family includes four genera of symbionts of arthropod 
invertebrates. Although their morphologies have been described 
in detail (Bermudes et al., 1988), their 16S rRNA genes have 
not been sequenced, and their phylogenetic placements are 
unknown. They are Clevelandina reticulitermitidis, Diplocalyx calot- 
ermitidis, Hollandina pterotermitidis, and Pillotina calotermitidis. 


Phylum Tenericutes 


This phylum comprises a single class, Mollicutes, which was 
previously classified within the Firmicutes (Garrity et al., 2005). 
Elevation of these organisms to a separate phylum is justified in 
part by analyses of a number of conserved phylogenetic mark- 
ers such as the elongation factor Tu and RNA polymerase (Lud- 
wig and Schleifer, 2005). This classification is further supported 
by the presence of a wall-less cytoplasmic membrane which is a 
distinctive cellular structure of this group. 


Class Mollicutes 


This class comprises four orders, Mycoplasmatales, Entomoplas- 
matales, Acholeplasmatales, and Anaeroplasmatales. While these 
orders do not agree well with the 16S rRNA gene phylogeny, 
efforts to reorganize the taxonomy are confounded by the 
presence of many human and animal pathogens within the 
group and the priority of some genus names that are seldom 
used (Brown et al., 2010). A major difficulty is the polyphyletic 
nature of the genus Mycoplasma, species of which are found in 
18 distinct clusters distributed over three deep lineages. A fuller 
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discussion of the complexities of this group along with rRNA 
gene trees is found in the chapter on Mycoplasmatales. 


Order Mycoplasmatales 


This order is the type for the class and comprises two families 
and four genera. The genera Mycoplasma and Ureaplasma are 
classified within the family Mycoplasmataceae. The other two 
genera, Eperythrozoon and Haemobartonella, contain many blood 
parasites that have not been cultivated. Although some of the 
species have been transferred to the genus Mycoplasma, the gen- 
era are classified within a family incertae sedis in recognition of 
the remaining uncertainties in their classification. 


Family Mycoplasmataceae 


This family contains the genera Mycoplasma and Ureaplasma. 
While Ureaplasma is well defined on the basis of its rRNA gene 
sequence phylogeny, Mycoplasma is found in at least three deep 
phylogenetic lineages or groups. The first group contains the 
type species, Mycoplasma mycoides, which is actually more closely 
related to Entomoplasma, the type genus of the order Entomoplas- 
matales, than to most other species of Mycoplasmaand Ureaplasma. 
A second lineage, called the “pneumoniae group", includes the 
genus Ureaplasma as well as four Mycoplasma clusters. The third 
lineage, called the *Aominis group", includes the remaining 
eight Mycoplasma clusters. 

The group containing the type species includes: Mycoplasma 
mycoides (type species), capricolum, cottewii, putrefaciens, and yeatsit. 

The “hominis group" includes eight clusters of Mycoplasma 
species. (1) The “bovis” cluster comprises Mycoplasma adleri, agalac- 
tiae, bovigenitalium, bovis, californicum, caviae, columbinasale, columbi- 
num, felifaucium, fermentans, gallinarum, iners, leopharyngis, lipofaciens, 
maculosum, meleagridis, opalescens, phocirhinis, primatum, simbae, 
and spermatophilum. (2) The "equigenitalium" cluster comprises 
Mycoplasma elephantis and equigenitalium. (3) The “hominis” cluster 
comprises Mycoplasma alkalescens, anseris, arginini, arthritidis, auris, 
buccale, canadense, cloacale, equirhinis, falconis, faucium, gateae, gypis, 
hominis, hyosynoviae, indiense, orale, phocicerebrale, phocidae, salivarium, 
spumans, and subdolum. (4) The "lipophilum" cluster comprises 
Mycoplasma hyopharyngis and lipophilum. (5) The "neurolyticum" 
cluster comprises Mycoplasma bovoculi, collis, cricetuli, conjunctivae, 
dispar, flocculare, hyopneumoniae, hyorhinis, iguanae, lagogenitalium, 
molare, neurolyticum, and ovipneumoniae. (6) The “pulmonis” cluster 
comprises Mycoplasma agassizii, pulmonis, and testudineum. (7) The 
"sualvi * cluster comprises Mycoplasma moatsii, mobile, and. sualvi. 
(8) The *synoviae" cluster comprises Mycoplasma alligatoris, anatis, 
bovirhinis, buteonis, canis, citelli, columborale, corogypsi, crocodyli, cynos, 
edwardii, felis, gallinaceum, gallopavonis, glycophilum, leonicaptivi, 
mustelae, oxoniensis, pullorum, sturni, synoviae, and verecundum. 

The “pneumoniae group" includes four clusters of Mycoplasma 
species and Ureaplasma. (1) The "fastidiosum" cluster comprises 
Mycoplasma cavipharyngis and fastidiosum. (2) The “hemotrophic” 
cluster comprises many species that were formerly classified 
within the genera Eperythrozoon and Haemobartonella (see below), 
including Mycoplasma coccoides, haemocanis, haemofelis, haemomuris, 
ovis, suis, and wenyonii. (3) The “muris” cluster comprises Myco- 
plasma iowae, microti, muris, and penetrans. (4) The "pneumoniae" 
cluster comprises Mycoplasma alvi, amphoriforme, gallisepticum, 
genitalium, imitans, pirum, pneumoniae, and testudinis. The genus 
Ureaplasma comprises Ureaplasma urealyticum (type species), cani- 
genitalium, cati, diversum, felinum, gallorale, and parvum. 


Mycoplasmatales family incertae sedis 


This family includes the genera of blood parasites Eperythrozoon 
and Haemobartonella. Species whose 16S rRNA genes have been 
sequenced are also classified within the Mycoplasmahemotrophic 
cluster. On the basis of their 16S rRNA gene sequences, the 
species of these genera are intermixed in two groups. The first 
group comprises Eperythrozoon coccoides (type species) and Hae- 
mobartonella canis and felis. Haemobartonella muris, which is the 
type species of its genus, is a deep lineage in this group. Upon 
reclassification to Mycoplasma, the Haemobartonella species were 
renamed haemocanis, haemofelis, and haemomuris, respectively, 
to distinguish them from previously named Mycoplasma spe- 
cies. The second group comprises Eperythrozoon ovis, suis, and 
wenyonii. 


Order Entomoplasmatales 


This order contains two families, Entomoplasmataceae and Spiro- 
plasmataceae. The order is paraphyletic because it includes the 
type species of the genus Mycoplasma, most species of which are 
classified in the Mycoplasmatales. 


Family Entomoplasmataceae 


This family comprises the genera Entomoplasma and Mesoplasma. 
However, on the basis of their 16S rRNA gene sequences, some 
species of Acholeplasma appear to be misclassified within this 
group. The family comprises four phylogenetic lineages: (1) 
Entomoplasma ellychniae (type species), Mesoplasma florum (type 
species), and Mesoplasma chauliocola, coleopterae, corruscae, ento- 
mophilum, grammopterae, and tabanidae, (2) Mesoplasma photuris, 
seiffertii, and syrphidae, Entomoplasma lucivorax, luminosum, and 
somnilux, and Acholeplasma multilocale, (3) Mesoplasma lactucae, 
and (4) the group containing the type species of Mycoplasma, 
Mycoplasma mycoides (see above). 


Family Spiroplasmataceae 


This family comprises the single genus Spiroplasma, which itself 
comprises three relatively deep phylogenetic lineages. In fact, 
these lineages are no more closely related to each other than to 
some Mycoplasma species. These lineages include (1) Spiroplasma 
citri (type species), chrysopicola, insolitum, melliferum, penaei, phoe- 
niceum, poulsonii, and syrphidicola; (2) Spiroplasma alleghenense, 
cantharicola, chinense, corruscae, culicicola, diabroticae, diminutum, 
gladiatoris, helicoides, lampyridicola, leptinotarsae, lineolae, litorale, 
montanense, sabaudiense, turonicum, and velocicrescens, and (3) 
Spiroplasma ixodetis and platyhelix. 


Order Acholeplasmatales and family 
Acholeplasmataceae 


This order comprises the family Acholeplasmataceae and a 
family incertae sedis of uncultured plant pathogens classified 
within “Candidatus Phytoplasma”. On the basis of their 16S 
rRNA gene sequences, both of these groups are well defined 
phylogenetically. The family Acholeplasmataceae comprises four 
closely related lineages that are all classified with the genus 
Acholeplasma: (1) Acholeplasma laidlawii (type species), equife- 
tale, granularum, oculi, and pleciae, (2) Acholeplasma axanthum, 
cavigenitalium, and modicum, Mycoplasma feliminutum; (3) 
Acholeplasma brassicae, morum, and vituli; and (4) Acholeplasma 
palmae and parvum. 
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Order Anaeroplasmatales and family 
Anaeroplasmataceae 


This order and family comprises two genera which, on the 
basis of 16S rRNA gene sequence similarity, are not closely 
related. Anaeroplasma is related to members of the order 
Acholeplasmatales. The second genus, Asteroleplasma, appears 
to represent a very deep lineage within the phylum. The 
genus Anaeroplasma comprises three closely related species: 
Anaeroplasma abactoclasticum (type species), bactoclasticum, 
and varium. In addition, the species Anaeroplasma intermedium 
has been described for which no sequence is available. Aster- 
oleplasma anaerobium is the sole species in the genus Asterole- 
plasma. 


Phylum “Acidobacteria” 


With only seven species, this phylum of mostly oligotrophic het- 
erotrophs comprises two classes of validly published bacteria 
(Figure 9). However, surveys of environmental DNA indicate 
that this is one of the most abundant groups of bacteria in soil 
and many other habitats. 


Class “Acidobacteriia’, order "Acidobacteriales", 
and family “Acidobacteriaceae” 


These taxa comprise two monospecific genera, represented by 
Acidobacteriwm capsulatum and Terriglobus roseus, and Edaphobacter 
modestus (type species) and aggregans. 


Class Holophagae, order Holophagales, family 
Holophagaceae, order Acanthopleuribacterales, 
and family Acanthopleuribacteraceae 


The family Holophagaceae comprises two monospecific genera, 
represented by Holophaga foetida and Geothrix fermentans. The 
family Acanthopleuribacteraceae comprises one monospecific 
genus, Acanthopleuribacter. 


Edaphobacter 


Acanthopleuribacter 


FIGURE 9. Genera of the phylum “Acidobacteria”. 


Ilyobacter 
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FIGURE 10. Genera of the phylum *Fusobacteria". 
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Phylum *Fibrobacteres" 


This phylum comprises the class “Fibrobacteria’, the order 
" Fibrobacterales, the family “Fibrobacteraceae’, and the genus 
Fibrobacter. This genus contains two species, Fibrobacter succino- 
genes (type species) and intestinalis. 


Phylum “Fusobacteria” 


This phylum comprises a single class, “Fusobacteriia’, and order 
“Fusobacteriales’. Two families are currently described (Figure 
10). While the family “Leptotrichiaceae’ is well defined on the 
basis of 16S rRNA gene sequences, the family “Fusobacteriaceae” 
is more complicated. It comprises five genera. The genus Fuso- 
bacterium is paraphyletic and includes the lineage containing 
the genus Cetobacterium. The genera Ilyobacterand Propionigenium 
are also intermixed. If additional evidence supports these con- 
clusions, reclassification within this family would be warranted. 

The phylogenetic groups within the family “Fusobacteriaceae” 
are (1) Fusobacterium nucleatum (type species), canifelinum, 
equinum, gonidiaformans, mortiferum, necrogenes, necrophorum, 
perfoetens, periodonticum, russii, simiae, ulcerans, and varium; and 
Cetobacterium ceti (type species) and somerae, representing a 
deeper branch; (2) Ilyobacter polytropus (type species), insuetus, 
and tartaricus, Propionigenium modestum (type species) and maris; 
and (3) Psychrilyobacter atlanticus, which was described after the 
deadline for inclusion in this volume, but it appears to be a 
deep lineage of this family (Zhao et al., 2009). 

The phylogenetic groups within the family * Leptotrichiaceae" 
are (1) Leptotrichia buccalis (type species), hofstadii, shahii, tre- 
visanii, and wadei; (2) Leptotrichia goodfellowit, (3) Sebaldella termit- 
idis; (4) Sneathia sanguinegens; and (5) Streptobacillus moniliformis. 


Phylum *Dictyoglomr" 


This phylum comprises the class “Dictyoglomia’, the order 
“Dictyoglomales’, the family “Dictyoglomaceae’, and the genus 


"Acidobacteriaceae" "Acidobacteriia" 


Fusobacterium 


"Fusobacteriaceae" 


Leptotrichia 


Sebaldella 
Streptobacillus 


"Leptotrichiaceae" 


Sneathia 
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Dictyoglomus. This genus contains two species, Dictyoglomus ther- 
mophilum (type species) and turgidum. 


Phylum Gemmatimonadetes 


This phylum comprises the class Gemmatimonadetes, the order 
Gemmatimonadales, the family Gemmatimonadaceae, and the genus 
Gemmatimonas. This genus contains one species, Gemmatimonas 
aurantiaca. 


Phylum Lentisphaerae 


On the basis of their 16S rRNA gene sequences and other 
molecular markers, this phylum is related to the phyla “ Verruco- 
microbia" , “Chlamydiae’, and “Planctomycetes”, which form a deep 
group within the Bacteria. The phylum Lentisphaerae comprises 
the class * Lentisphaeriaà and two orders. The order Lentisphaer- 
ales comprises the family * Lentisphaeraceae" and the monospecific 
genus Lentisphaera, the type of which is Lentisphaera araneosa. 
The order Victivallales comprises the family “Victivallaceae’and 
the monospecific genus Victivallis, the type of which is Victivallis 
vadensis. 


Phylum “Verrucomicrobia” 


On the basis of their 16S rRNA gene sequences and other 
molecular markers, this phylum is related to the phyla “ Chla- 
mydiae", Lentisphaerae, and “Planctomycetes”, which form a 
deep group within the bacteria. “Verrucomicrobia” comprises 
three classes, Verrucomicrobiae, Opitutae, and “Spartobacteria” 
(Figure 11). 

Currently, the class Verrucomicrobiae comprises the order Ver- 
rucomicrobiales, which comprises the families Verrucomicrobiaceae, 
“Akkermansiaceae’, and “Rubritaleaceae’. The family Verrucomi- 
crobiaceae comprises Verrucomicrobium spinosum, Prosthecobacter 
fusiformis (type species), debontii, dejongei, and vanneervenii. In 
addition, Prosthecobacter fluviatilis, which was described after the 
deadline for inclusion in this volume, is a member of this family 
(Takeda et al., 2008). The family “Akkermansiaceae” comprises 
the monospecific genus Akkermansia, the type of which is Akker- 
mansia muciniphila. The family “Rubritaleaceae’ comprises Rubri- 
talea marina (type species), sabuli, spongiae, squalenifaciens, and 
tangerina. 

In addition to these genera, four genera were described 
after the deadline for inclusion in this volume. Persicirhabdus 
sediminis, and. Roseibacillus ishigakijimensis (type species), persici- 
cus, and ponti (Yoon et al., 20082), are affiliated with the fam- 
ily “Rubritaleaceae’. The remaining two genera, Haloferula rosea 
(type species), harenae, helveola, phyci, rosea, and sargassicola 
(Yoon et al., 2008c) and Luteolibacter pohnpeiensis (type species) 
and algae (Yoon et al., 2008a), appear to be members of the 
order Verrucomicrobiales, but their affiliation with a particular 
family is more ambiguous. For this reason, they have not been 
included in the Taxonomic Outline. 

The class Opitutae comprises the orders Opitutales and Punice- 
icoccales. The order Opitutales comprises a single family, Opituta- 
ceae, and two monospecific genera, the type species of which are 
Opitutus terrae and Alterococcus agarolyticus. The order Puniceicoc- 
cales comprises a single family, Puniceicoccaceae, and four genera. 
The genera form two clusters. The first cluster includes three 
monospecific genera, the type species of which are Puniceicoccus 
vermicola, Cerasicoccus arenae, and Coraliomargarita akajimensis. 
The second cluster includes Pelagicoccus mobilis (type species), 


albus, croceus, and litoralis. In addition, the genus *Fucophilus", 
which has been described but whose name has never been val- 
idly published, is a member of this family. 

The class “Spartobacteria” comprises the order * Chthoniobacter- 
ales”, which includes the family * Chthoniobacteraceae" . This family 
comprises “Chthoniobacter flavus” and the nematode symbionts 
"Candidatus Xiphinematobacter brevicolli" (type species), 
"americani", and *rivesi". 


Phylum *Chlamydiae" 


On the basis of their 16S rRNA gene sequences and other 
molecular markers, this phylum is related to the phyla Len- 
lisphaerae, “Planctomycetes”, and “Verrucomicrobia’, which form 
a deep group within the bacteria. All known members of the 
phylum “Chlamydiae’ are obligate intracellular bacteria and 
multiply in eukaryotic hosts, including humans and other ani- 
mals and protozoa. They also possess a developmental cycle that 
is characterized by morphologically and physiologically distinct 
stages. The intracellular lifestyle of chlamydiae is thus thought 
to be an ancient trait of this phylum (Everett et al., 1999). As 
a consequence of the intracellular lifestyle, no species has ever 
been grown in axenic culture. Because of changes to the Bacte- 
riological Code beginning in 1997, only the species described 
before that time have been validly published, and many of the 
newer taxa are limited to Candidatus status (Labeda, 1997; 
Murray and Stackebrandt, 1995). In addition, even though 
some species have been cultivated in the free-living amoebae 
Acanthamoeba castellanii and Acanthamoeba polyphaga, they have 
not been deposited in two public culture collections, and thus 
their names have not been validly published (Heyrman et al., 
2005). 

The phylum * Chlamydia?" comprises a single class, “Chlamy- 
diia", and order, Chlamydiales. The order comprises eight fami- 
lies of varying relatedness based upon 16S rRNA gene sequence 
similarities (Figure 12). The family Chlamydiaceae contains the 
type genus for the order. Two taxonomies are in widespread 
use for this family. One taxonomy assigns all species within this 
family to the genus Chlamydia. The second taxonomy classifies 
many of these species within a second genus, Chlamydophila, in 
recognition of their differences in a variety of molecular mark- 
ers including the 16S rRNA gene and some phenotypic markers 
(Everett et al., 1999). The merits of these approaches have been 
discussed (Everett and Andersen, 2001; Schachter et al., 2001). 
While this taxonomic outline uses the taxonomy of Everett 
et al. (1999), the first taxonomy is used by the authors of the 
chapter Chlamydiaceae (Kuo and Stephens, 2010). On the basis 
of the taxonomy of Everett et al. (1999), the genus Chlamydia 
comprises Chlamydia trachomatis (type species), muridarum, and 
suis. The genus Chlamydophila comprises Chlamydophila psittaci 
(type species), abortus, caviae, felis, becorum, and pneumoniae. 

The remaining families in the order are: “Candidatus Clavichla- 
mydiaceae” comprising “Candidatus Clavichlamydia salmonicola"; 
" Criblamydiaceae" comprising “Criblamydia sequanensis”; Parachla- 
mydiaceae comprising Parachlamydia acanthamoebae (type species 
and genus), Neochlamydia hartmannellae, and * Protochlamydia amoe- 
bophila’; “Candidatus Piscichlamydiaceae" comprising “Candida- 
tus Piscichlamydia salmonis”; “Rhabdochlamydiaceae’ comprising 
"Candidatus Rhabdochlamydia porcellionis" and “Candidatus 
Rhabdochlamydia crassificans"; Simkaniaceae comprising Simka- 
nia negevensis (type species and genus) and “Candidatus Fritschea 
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Blastopirellula 
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"Candidatus Kuenenia" 


FIGURE 13. Genera of the phylum “Planctomycetes”. 


bemisiae” and “Candidatus Fritschea eriococci”; and Waddliaceae 
comprising Waddlia chondrophila and * Waddlia malaysiensis" (Chua 
et al., 2005). 


Phylum “Planctomycetes” 


This phylum comprises a single class, “Planctomycetia”, and two 
orders, Planctomycetales and “Brocadiales” (Figure 13). The order 
Planctomycetales comprises the family Planctomycetaceae, contain- 
ing eight diverse genera. The type genus is Planctomyces. How- 
ever, a strain and 16S rRNA gene sequence are not available for 
the type species, Planctomyces bekefii, or for two other validly pub- 
lished species in this genus, Planctomyces guttaeformis and strans- 
kae. Therefore, the taxonomy of this group is based upon the 
properties of the species that are available: Planctomyces brasilien- 
sis, limnophilus, and maris. Most of the other genera in this fam- 
ily are monospecific and represented by Blastopirellula marina, 
Gemmata obscuriglobus, Isosphaera pallida, Pirellula staleyi (type spe- 
cies) and marina, Rhodopirellula baltica, Schlesneria paludicola, and 
Singulisphaera acidiphila. In addition to these, Zavarzinella formosa 
was described after the deadline for this volume but could be 
classified within this family (Kulichevskaya et al., 2009). 

The order *Brocadiales" and family “Brocadiaceae’ comprises 
Candidatus species. They include “Candidatus Brocadia anam- 
moxidans" and "fulgida", “Candidatus Anammoxoglobus pro- 
pionicus", * Candidatus Jettenia asiatica", “Candidatus Kuenenia 
stuttgartiensis", and * Candidatus Scalindua brodiae", “sorokinii”, 
and “wagneri”. 
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All taxa recognized within this volume of the rank of genus and above are listed below. Within each classification, the nomenclatural 
type is listed first followed by the remaining taxa in alphabetical order. Taxa appearing on the Approved Lists are denoted by the 
superscript AL. Taxa that were otherwise validly published are denoted by the superscript VP. Taxa that have not been validly pub- 
lished are presented in quotations. Taxa which were described after the deadline of July 1, 2006, and are therefore not included 


in this volume are indicated by an asterisk (*). 


Phylum XIV. * Bacteroidetes" 
Class I. “Bacteroidia” 
Order I. “Bacteroidales” 
Family I. Bacteroidaceae’ 
Genus I. Bacteroides“ 


Genus II. Acetofilamentum"" 
Genus III. Acetomicrobium* 


Genus IV. Acetothermus"" 
Genus V. AnaerorhabdusV* 

Family II. “Marinilabiliaceae” 
Genus I. Marinilabilia ® 
Genus II. Alkaliflexus’” 
Genus III. Anaerophaga"" 

Family III. * Rikenellaceae" 
Genus I. Rikenella * ® 
Genus II. Alistipes’? 

Family IV. * Porphyromonadaceae" 
Genus I. Porphyromonas? 
Genus II. Barnesiella’” 
Genus III. Dysgonomonas"" 
Genus IV. Paludibacter” 
Genus V. Parabacteroides "* 
Genus VI. Petrimonas’? 
Genus VII. Proteiniphilum"" 
Genus VIII. Tannerella Y° 

Family V. “Prevotellaceae” 
Genus I. Prevotella? P 
Genus II. Xylanibacter"" 

Class II. “Flavobacteriia” 
Order I. “Flavobacteriales” 

Family I. Flavobacteriaceae"" 
Genus I. Flavobacterium 
Genus II. Actibacter** 
Genus III. Aequorivita’? 
Genus IV. Aestuariicola" * 


) 


Genus V. Algibacter" 

Genus VI. Aquimarina"* 
Genus VII. Arenibacter" 
Genus VIII. Bergeyella"" 
Genus IX. Bizionia" 

Genus X. Capnocytophaga" 
Genus XI. Cellulophaga"" 
Genus XII. Chryseobacterium"" 
Genus XIII. Cloacibacterium"" 
Genus XIV. Coenonia"" 
Genus XV. Costertonia’? 
Genus XVI. Croceibacter" 
Genus XVII. Dokdonia"" 
Genus XVIII. Donghaeana’” 
Genus XIX. Elizabethkingia" 
Genus XX. Empedobacter" 
Genus XXI. Epilithonimonas'* 
Genus XXII. Flagellimonas'"* 
Genus XXIII. Flaviramulus’® 
Genus XXIV. Formosa’? 
Genus XXV. Fulvibacte?"* 
Genus XXVI. Gaetbulibacter” 
Genus XXVII. Galbibacte!"* 
Genus XXVIII. Gelidibacter” 
Genus XXIX. Gillisia'" 
Genus XXX. Gilvibacter "* 
Genus XXXI. Gramella’? 
Genus XXXII. Joostella""* 
Genus XXXIII. Kaistella'* 
Genus XXXIV. Kordia'" 
Genus XXXV. Krokinobacter’” 
Genus XXXVI. Lacinutrix’? 
Genus XXXVII. Leeuwenhoekiella’? 
Genus XXXVIII. Leptobacterium""* 
Genus XXXIX. Lutibacter* 
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Genus XL. Lutimonas'"* 

Genus XLI. Maribacter" 

Genus XLII. Mariniflexile” 
Genus XLIII. Marixanthomonas""* 
Genus XLIV. Mesoflavibacter’?* 
Genus XLV. Mesonia" 

Genus XLVI. Muricauda’? 
Genus XLVII. Myroides"" 

Genus XLVIII. Nonlabens"" 
Genus XLIX. Olleya* 

Genus L. Ornithobacterium" 
Genus LI. Persicivirga" 

Genus LII. Polaribacter’” 

Genus LIII. Psychroflexus"" 
Genus LIV. Psychroserpens* 
Genus LV. Riemerella'* 

Genus LVI. Robiginitalea’” 
Genus LVII. Salegentibacter" 
Genus LVIII. Salinimicrobium’?* 
Genus LIX. Sandarakinotalea” 
Genus LX. Sediminibacter?* 
Genus LXI. Sediminicola'* 
Genus LXII. Sejongia’? 

Genus LXIII. Stenothermobacter” 
Genus LXIV. Subsaxibacter'* 
Genus LXV. Subsaximicrobium’” 
Genus LXVI. Tamlana”* 
Genus LXVII. Tenacibaculum" 
Genus LXVIII. Ulvibacte!" 
Genus LXIX. Vitellibacter’” 
Genus LXX. Wautersiella’® 
Genus LXXI. Weeksella’? 

Genus LXXII. Winogradskyella"" 
Genus LXXIII. Yeosuana"" 
Genus LXXIV. ZeaxanthinibacterV'* 
Genus LXXV. Zhouia’? 

Genus LXXVI. Zobellia’” 

Genus LXXVII. Zunongwangia "* 


Family II. * Blattabacteriaceae" 


Genus I. Blattabacterium ^? 


Family III. Cryomorphaceae"" 


Genus I. Cryomorpha"" D 
Genus II. Brumimicrobium" 
Genus III. Crocinitomix'" 
Genus IV. Fluviicola"" 
Genus V. Lishizhenia’® 
Genus VI. Owenweeksia’” 


Genus II. Flavisolibacter ** 

Genus III. Niabella"* 

Genus IV. Niastella’?* 

Genus V. Sediminibacterium" * 

Genus VI. Segetibacter?* 

Genus VII. Terrimonas'" 
Family III. “Saprospiraceae” 

Genus I. Saprospira 

Genus II. Aureispira’? 

Genus III. Haliscomenobacter 

Genus IV. Lewinella'* 


AL(T) 


Class IV. * Cytophagia" 
Order I. Oytophagales* 


Family I. Oytophagaceae^" 
Genus I. Oytopbhaga^-? 
Genus II. Adhaeribacter'" 
Genus III. Arcicella? 
Genus IV. Dyadobacter” 
Genus V. Effluviibacter” 
Genus VI. Emticicia’? 
Genus VII. Flectobacillus- 
Genus VIII. Flexibacter^" 
Genus IX. Hymenobacter" 
Genus X. Larkinella’? 
Genus XI. Leadbetterella"" 
Genus XII. Meniscus” 
Genus XIII. Microscilla^" 
Genus XIV. Persicitalea’?* 
Genus XV. Pontibacte!" 
Genus XVI. Rudanella"* 
Genus XVII. Runella^- 
Genus XVIII. Spirosoma^- 
Genus XIX. Sporocytophaga^* 

Family II. * Cyclobacteriaceae" 
Genus I. Cyclobacterium"" D 
Genus II. Algoribhagus"" 
Genus III. Aquiflexum"" 
Genus IV. Belliella’® 
Genus V. Echinicola’” 
Genus VI. Rhodonellum"" 

Family III. *Flammeovirgaceae" 
Genus I. Flammeovirga D 
Genus II. Fabibacter" 
Genus III. Flexithrix*- 
Genus IV. Fulvivirga""* 
Genus V. Limibacter’?* 
Genus VI. Perexilibacte'"* 


Class III. *Sphingobacteriia" Genus VII. Persicobacter” 
Order I. *Sphingobacteriales" Genus VIII. Rapidithrix ** 
Family I. Sphingobacteriaceae Genus IX. Reichenbachiella"" 
Genus I. SphingobacteriumV* ? Genus X. Roseivirga" 
Genus II. Mucilaginibacte? "* Genus XI. Sediminitomix'"* 


Genus III. Nubsella""* Order II. Incertae sedis 
Genus IV. Olivibacter’?* Family I. “Rhodothermaceae” 
Genus V. Parapedobacter?* Genus I. Rhodothermus 
Genus VI. Pedobacter'" Genus II. Salinibacter" 
Genus VII. Pseudosphingobacterium""* Order III. Incertae sedis 

Family II. “Chitinophagaceae” Genus I. Balneola""* 


Genus I. Chitinophaga"" ? Order IV. Incertae sedis 
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Genus I. Thermonema’” 
Order V. Incertae sedis 
Genus I. Toxothrix** 


Phylum XV. “Spirochaetes” 
Class I. “Spirochaetia” 
Order I. Spirochaetales“ 

Family I. Spirochaetaceae 
Genus I. Spirochaeta?-? 
Genus II. Borrelia” 
Genus III. Cristispira^- 
Genus IV. Treponema” 

Family II. * Brachyspiraceae" 
Genus I. Brachyspira’? 

Family III. * Brevinemataceae" 
Genus I. Brevinema" D 

Family IV. Leptospiraceae 
Genus I. Leptospira" 
Genus II. Leptonema” 
Genus III. Turneriella'* 

Family V. Incertae sedis 
Genus I. Clevelandina’” 
Genus II. Diplocalyx'* 
Genus III. Hollandina” 
Genus IV. Pillotina'* 


Phylum XVI. Tenericutes’? 
Class I. Mollicutes^- 
Order I. Mycoplasmatales^ ^ 
Family I. Mycoplasmataceae 
Genus I. Mycoplasma“ 
Genus II. Ureaplasma” 
Family II. /ncertae sedis 
Genus I. Eperythrozoon^- 
Genus II. Haemobartonella^- 
Order II. Entomoplasmatales" 
Family I. Entomoplasmataceae” 
Genus I. Entomoplasma ™ 
Genus II. Mesoplasma‘” 
Family II. Spiroplasmataceae"" 
Genus I. Spiroplasma^? 
Order III. Acholeplasmatales" 
Family I. Acholeplasmataceae’ 
Genus I. Acholeplasma* 
Family II. /ncertae sedis 


Genus I. * Candidatus Phytoplasma" 


Order IV. Anaeroplasmatales" 
Family I. Anaeroplasmataceae" 
Genus I. Anaeroplasma^ ^? 
Genus II. Asteroleplasma"" 


Phylum XVII. “Acidobacteria” 
Class I. *Acidobacteriia" 
Order I. *Acidobacteriales" © 
Family I. “Acidobacteriaceae” 
Genus I. Acidobacterium’? 
Genus II. Edaphobacter" 
Genus III. Terriglobus’? 
Class II. Holophagae"" 
Order I. Holophagales"" tD 
Family I. Holophagaceae” 
Genus I. Holophaga' t 


Genus II. Geothrix’? 
Order II. Acanthopleuribacterales'" 
Family I. Acanthopleuribacteraceae" 


Genus I. Acanthopleuribacte" à 


Phylum XVIII. “Fibrobacteres” 
Class I. *Fibrobacteria" 
Order I. *Fibrobacterales" © 
Family I. *Fibrobacteraceae" 
Genus I. Fibrobacter * (D 


Phylum XIX. “Fusobacteria” 
Class I. “Fusobactertia” 
Order I. *Fusobacteriales" © 

Family I. “Fusobacteriaceae” 
Genus I. Fusobacterium 
Genus II. Cetobacterium’? 
Genus III. /lyobacter" 
Genus IV. Propionigenium"" 
Genus V. Psychrilyobacter "* 

Family II. * Leptotrichiaceae" 
Genus I. Leptotrichia^ tD 
Genus II. Sebaldella’” 
Genus III. Sneathia'* 
Genus IV. Streptobacillus- 


Phylum XX. “Dictyoglomi” 
Class I. * Dictyoglomia" 
Order I. * Dictyoglomales" "D 
Family I. *Dictyoglomaceae" 
Genus I. Dictyoglomus *? 
Phylum XXI. Gemmatimonadetes 
Class I. Gemmatimonadetes” 
Order I. Gemmatimonadales”™ 
Family I. Gemmatimonadaceae” 
Genus I. Gemmatimonas? © 


Phylum XXII. Lentisphaerae 
Class I. * Lentisphaeria" 
Order I. Lentisphaerales *? 
Family I. “ Lentisphaeraceae" 
Genus I. Lentisphaera © 
Order II. Victivallales'" 
Family I. “Victivallaceae” 
Genus I. Victivallis " 
Phylum XXIII. * Verrucomicrobia" 
Class I. Verrucomicrobiae'" 
Order I. Verrucomicrobiales * C? 
Family I. Verrucomicrobiaceaé” 


Genus I. Verrucomicrobium ®© 


Genus II. Prosthecobacter" 

Family II. *Akkermansiaceae" 
Genus I. Akkermansia © 

Family III. “Rubritaleaceae” 
Genus I. Rubritalea" (D 
Genus II. Persicirhabdus "* 
Genus III. Roseibacillus "* 

Class II. Opitutae" 
Order I. Opitutales "^ 

Family I. Opitutaceae" 
Genus I. Opitutus ®© 
Genus II. Alterococcus’? 
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Order II. Puniceicoccales’® 
Family I. Puniceicoccaceae'" 
Genus I. Puniceicoccus D 
Genus II. Cerasicoccus’® 
Genus III. Coraliomargarita’” 
Genus IV. Pelagicoccus’” 
Class III. *Spartobacteria" 
Order I. * Chthoniobacterales" ® 
Family I. “Chthoniobacteraceae” 
Genus I. * Chthoniobacter' ®© 
Genus II. "Candidatus Xiphinema- 
tobacter” 


Phylum XXIV. * Chlamydiae" 
Class I. “Chlamydiia” 
Order I. Chlamydiales^? 
Family I. Chlamydiaceae^- 
Genus I. Chlamydia^ 
Genus II. Chlamydophila” 
Family II. “Clavichlamydiaceae” 
Genus I. *Candidatus Clavichlamydia" 
Family III. “Criblamydiaceae” 
Genus I. * Criblamydia" ? 
Family IV. Parachlamydiaceae"" 
Genus I. Parachlamydia"" ® 
Genus II. Neochlamydia'" 
Genus III. “Protochlamydia” 
Family V. “Piscichlamydiaceae” 
Genus I. "Candidatus Piscichlamydia"? 
Family VI. * Rhabdochlamydiaceae" 
Genus I. * Candidatus Rhabdo- 
chlamydia”? 


Family VII. Simkaniaceae" 
Genus I. Simkania'* D 
Genus II. “ Candidatus Fritschea”’” 
Family VIII. Waddliaceae"" 
Genus I. Waddlia ®© 


Phylum XXV. “Planctomycetes” 
Class I. * Planctomycetia" 
Order I. Planctomycetales "D? 
Family I. Planctomycetaceae" 
Genus I. Planctomyces 
Genus II. Blastopirellula’® 
Genus III. Gemmata‘” 
Genus IV. Isosphaera’® 
Genus V. Pirellula’” 
Genus VI. Rhodopirellula’” 
Genus VII. Schlesneria* 
Genus VIII. Singulisphaera'* 
Order II. * Brocadiales" 
Family I. “Brocadiaceae” 
Genus I. “Candidatus Brocadia”? D 
Genus II. “Candidatus Anammoxo- 
globus" 
Genus III. “Candidatus Jettenia” 
Genus IV. “Candidatus Kuenenia” 
Genus V. * Candidatus Scalindua" 
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Phylum XIV. Bacteroidetes phyl. nov. 


NoeL R. KREG, WoLFGANG LUDWIG, JEAN EUZÉBY AND WILLIAM B. WHITMAN 
Bac.te.ro.i.de’tes. N.L. fem. pl. n. Bacteroidales type order of the phylum; N.L. fem. pl. n. 


Bacteroidetes the phylum of Bacteroidales. 


The phylum Bacteroidetes is a phenotypically diverse group of 
Gram-stain-negative rods that do not form endospores. They 
are circumscribed for this volume on the basis of phylogenetic 
analysis of 16S rRNA gene sequences. The phylum contains 
four classes, Bacteroidia, Cytophagia, Flavobactertia, and Sphin- 


gobacteria. In addition, the genera Rhodothermus, Salinibacter, 
and Thermonema appear to represent deep groups of the 
phylum that can not be readily assigned to any of the four 
classes. 

Type order: Bacteroidales ord. nov. 


Class |. Bacteroidia class. nov. 


Noe R. KRIEG 


Bac.te.ro.i.di'a. N.L. masc. n. Bacteroides type genus of the type order Bacteroidales; suff. -ia 
ending proposed by Gibbons and Murray and by Stackebrandt et al. to denote a class; N.L. 


neut. pl. n. Bacteroidia the Bacteroidales class. 


The class presently contains one order, Bacteroidales. `The 
description of the class is the same as that given for the order. 


Type order: Bacteroidales ord. nov. 


Order |. Bacteroidales ord. nov. 


Noe R. KRIEG 


Bac.te.ro.i.da'les. N.L. masc. n. Bacteroides type genus of the order; suff. -ales ending to 
denote an order; N.L. fem. pl. n. Bacteroidales the Bacteroides order. 


The order presently includes the families Bacteroidaceae, Marini- 
labiliaceae, Porphyromonadaceae, Prevotellaceae, and Rikenellaceae. 
Straight, fusiform or thin rods and coccobacilli that stain Gram- 
negative. Nonsporeforming. Mostly anaerobic, although some are 
facultatively anaerobic, and saccharolytic, although proteins and 
other substrates may be utilized. Nonmotile or motile by gliding. 


Type genus: Bacteroides Castellani and Chalmers 1919, 
959%, 


Reference 


Castellani, A. and A.J. Chalmers. 1919. Manual of Tropical Medicine, 
3rd edn. Williams Wood and Co., New York, pp. 959-960. 


Family |. Bacteroidaceae Pribam 1933, 10^ 


THE EpiToRIAL BoARD 


Bac.te.ro.i.da.ce'a.e. N.L. masc. n. Bacteroides type genus of the family; suff. -aceae ending 
to denote a family; N.L. fem. pl. n. Bacteroidaceae the Bacteroides family. 


The family Bacteroidaceaewas circumscribed for thisvolume on the 
basis of phylogenetic analysis of 16S rRNA gene sequences; the 
family contains the genera Acetofilamentum, Acetomicrobium, Aceto- 
thermus, Anaerorhabdus, and. Bacteroides. The genera Anaerophaga 
and Megamonas, which were previously classified with this family, 


have been transferred to the family Marinilabiliaceae and the Fir- 
micules, respectively (Morotomi et al., 2007). Straight rods that 
stain Gram-negative. Anaerobic. Nonsporeforming. Some char- 
acteristics that differentiate the genera are given in Table 1. 
Type genus: Bacteroides Castellani and Chalmers 1919, 959^. 
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Genus l. Bacteroides Castellani and Chalmers 1919, 959^ emend. Shah and Collins 1989, 85 


Yuui Sone, CHENGXU Liu AND SvpNEv M. FiNEGOLD 


Bac.te.ro.i'des. N.L. n. bacter rod; L. suff. -oides (from Gr. suff. -eides, from Gr. n. eidos that which is seen, 
form, shape, figure), resembling, similar; N.L. masc. n. Bacteroides rodlike. 


Rod-shaped cells with rounded ends. Gram-stain-negative. Cells 
are fairly uniform if smears are prepared from young cultures 
on blood agar. Nonmotile. Anaerobic. Colonies are 1-3 mm in 
diameter, smooth, white to gray, and nonhemolytic on blood 
agar. Chemo-organotrophic. Saccharolytic. Weakly proteolytic. 
Most species grow in the presence of 20% bile, but are not 
always stimulated. Esculin is usually hydrolyzed. Nitrate is not 
reduced to nitrite. Indole variable. Major fermentation prod- 
ucts are succinate and acetate. Trace to moderate amounts of 
isobutyrate and isovalerate may be produced. Predominant cel- 
lular fatty acid is C, , anteiso. 

DNA G+C content (mol % ): 39-49. 

Type species: Bacteroides fragilis (Veillon and Zuber 1898) 
Castellani and Chalmers 1919, 959“. 


Further descriptive information 


As defined in Bergey’s Manual of Systematic Bacteriology, [st edition, 
the genus Bacteroides comprised more than 60 species (Holde- 
man et al., 1984). These species exhibited a variety of cellular 
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morphologies and were biochemically and physiologically 
extremely heterogeneous. Therefore, Shah and Collins (1989) 
proposed that this genus should be restricted to Bacteroides fragilis 
and closely related organisms. The application of molecular biol- 
ogy techniques such as DNA-DNA hybridization and 16S rRNA 
gene sequencing has done much to clarify the inter- and intrage- 
neric structure of Bacteroides. 16S rRNA gene sequence analysis 
indicates that the genus Bacteroides is equivalent to the Bacteroides 
cluster within the Bacteroides subgroup of the “Bacteroidetes” (pre- 
viously referred as the phylum Cytophaga—Flavobacteria—Bacteroi- 
des) (Paster et al., 1994; Woese, 1987). The currently described 
species that conform to the emended description of the genus 
Bacteroides based on biochemical, chemical, and genetic criteria 
include the members of the “Bacteroides fragilis group” [not a for- 
mal taxonomic group, but the ten species conforming to the 
1989 proposal (Shah and Collins) to restrict the genus] and sev- 
eral other later described species (Figure 14). Other Bacteroides 
species with validly published names that do not conform to the 
emended generic description require further study (Table 5). 
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FIGURE 14. Phylogenetic tree based on 16S rRNA gene sequence comparisons (>1300 aligned bases) showing 
the phylogenetic relationships of Bacteroides species. The tree, constructed using the neighbor-joining method, was 
based on a comparison of approximately 1400 nt. Bootstrap values, expressed as percentages of 1000 replications, 
are given at branching points. Bar = 1% sequence divergence. 
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TABLE 2. Descriptive characteristics of different Bacteroides species*” 


E 8 2 ES TS US E: š 
Š Le `S = 3 "S ` 
š E š > > $ 3 E: & x » 
ed ed ed ed ed ed ed ai a S S 
Characteristic d oi ed 4 i S N o ci = = 
Cell size (um) 0.8-1.3 x 0.8-1.3x 1.4-1.6 x 0.8-1.0 x 0.8-3.0x 1.3-1.9x 1.6-4.2x 0.4-1.0x  0.8x 0.9-1.5x 0.5-0.6 x 
1.6-8.0 1.6-8.0 2.5-12 4.0 0.5-1.5 1.6-5.0 0.8-1.2 1.0-6.0 1.5-4.5 . 1.2-10 0.8-4.0 
Growth in 20% bile + + + + + + + + + + w 
Production, of: 
Indole _ M - t - - - + _ _ _ 
Catalase + nr d _ - d nr _ nr nr - 
Starch hydrolyzed * d w nr + + nr w nr nr + 
Gelatin digested w nr w = u w nr = u nr = 
G6PDH and 6PGDH + + + nr nr + nr + nr nr nr 
Acid produced from: 
Arabinose _ nr + _ _ d + + + _ _ 
Cellobiose d nr d + - + _ d + + + 
Xylan _ nr _ nr nr _ nr + nr _ + 
Glucose + nr + + + + + + + + + 
Glycogen + nr w nr nr _ nr + nr nr + 
Inositol _ nr nr nr nr _ nr _ nr nr nr 
Lactose + nr nr + nr + + + + nr + 
Maltose + nr nr + + + + + + nr + 
Mannitol _ nr nr _ nr _ _ _ _ nr nr 
Mannose + nr nr + nr + + + + + + 
Melezitose _ nr d _ nr + _ _ _ nr 
Melibiose w nr + nr nr + nr - nr nr + 
Raffinose + nr + + nr + + - t + + 
Rhamnose _ nr d + nr d + w + + nr 
Ribose - nr + nr nr d nr - nr nr nr 
Salicin - nr d + nr + _ _ + _ + 
Sucrose + nr + + nr + + - nr t t 
Trehalose - nr + _ nr + _ _ _ _ 
Xylose + nr + + B + + + + + + 
Enzyme activity: * 
a-Galactosidase t nr t + w + + + + + nr 
B-Galactosidase + nr + + + + + + + + nr 
a-Glucosidase + nr w + + + + + + + nr 
B-Glucosidase + nr w + + + + + + i nr 
a-Arabinosidase - nr + + _ + + + + _ nr 
B-Glucuronidase - nr - - - - t - - - t 
N-Acetyl- + nr + + + + + + + + nr 
P-glucosaminidase 
Glutamic acid + nr w + nr + + + + _ v 
decarboxylase 
a-Fucosidase + nr + + + - + - - - nr 
Alkaline phosphatase + nr + + + + + + + + nr 
Arginine arylamidase + nr + - * + + = = + = 
Leucine arylamidase + nr + - = + + = = + = 
Glutamyl glutamic + nr + + + + + + + + nr 
acid arylamidase 
Glycine arylamidase = nr = = = * + - = + = 
Leucyl glycine + nr + + + + + + + + nr 
arylamidase 
Alanine arylamidase + nr + + + + + + + + nr 
Major metabolic A, S, p, pa A,S A, S, p, nr A,S,p A,S,p nr A,S,p nr A, S,p A,S(p,iv) 
end product(s) ° (ib, iv, 1) (iv) (pa, ib, (pa, ib, (iv, f) 
iv, 1) iv, 1) 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; +, usually positive, sometimes negative; w, weak reaction; 
nr, not reported. 
*Esculin is usually hydrolyzed and nitrate is not reduced to nitrite. 


"Iype strain is negative. 


"Enzyme activity tested using API kits. 
"Fermentation products: A, acetic acid; B, butyric acid; P, propionic acid; PA, phenylacetic acid; S, succinic acid; ib, isobutyric acid; iv, isovaleric acid; f, formic acid; 


1, lactic acid. Capital letters indicate >1 meq/100 ml of broth; small letters, «1 meq/100 ml; products in parentheses may or may not be detected. 
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19. B. salyersiae 

20. B. stercoris 

93. B. thetaiotaomicron 
24. B. uniformis 

25. B. vulgatus 


12. B. intestinalis 
13. B. massiliensis 
2]. B. suis 
22. B. tectus 


14. B. merdae 
15. B. nordii 
16. B. ovatus 
17. B. plebeius 
18. B. pyogenes 


08x 4 0.8-1. 4x 10x  0.8-1.5x 1.3-2.0x 0.8x  0.3-0.5x 0.8-1.5 x 1.6 x 0.4-0.6 x 0.6-0.8 x 0.7-2.0x 0.8 x 0.5-0.8 x 
1.0-5.0 2.1-3.9 3.1-12 0.5-5.0 1.6-5.0 1.0-5.0 0.5-5.0  0.5-5.0 2.4-12.6 0.5-2.0 1.2-5.0 1.0-4.0 1.5 1.5-7.7 


+ + + + + + w + + w + + d + 
+ _ _ + + i x * + u _ + + _ 
nr _ d _ d - nr - - nr - + d d 
nr + + nr + nr d nr + + d + d + 
- - - nr d - - nr - nr - - - + 
nr nr + nr nr nr nr nr + nr nr + + + 
+ _ d - + + - + d + - + + + 
+ - v + + + d + d + d d + _ 
nr nr - - * nr - - d + nr - d d 
+ + + + + + + + + + d + + + 
nr nr - nr d nr nr nr * + nr + d + 
nr nr nr nr - nr nr nr nr nr = - - 
+ + nr nr + + + nr nr + 4s + + + 
+ + nr nr + + ug nr nr + T + + + 
nr nr nr nr d nr nr nr nr nr nr = = _ 
+ + nr + + + + + nr nr = + + + 
nr nr + + t nr nr nr - nr nr d u - 
nr nr + + + nr nr nr _ + x * w w 
+ + + d + + d + + + - + + + 
nr nr + d w nr nr nr + nr = + d + 
nr nr v nr + nr nr nr d nr nr w d d 
nr nr + nr + nr nr nr - + _ d d - 
+ + + + + + v + + nr _ + + + 
nr nr + nr + nr nr nr _ ks u + E - 
+ B * + + + - * * + x: + + + 
+ + + w + + = + x nr = + + + 
+ + + + + + + + + nr + + + + 
+ + M * * * w + + nr + + + + 
+ _ v + + + - + w nr = + + - 
+ u + = + + nr u = nr = + + + 
_ = - _ = + = = = nr = = = = 
+ + + + + + w + + nr + + + + 
+ _ - t + + nr d - nr nr + v d 
+ + - - - + w - - nr + + + d 
+ + + + + + + + + nr + + + + 
_ _ + _ _ d nr - - nr d + _ - 
- * * - - d - - - nr - + _ _ 
+ - + + + + nr + + nr nr d + + 
_ _ + _ _ + nr - - nr d - - * 
* * + + + + nr + + nr + + + + 
+ + + + + + nr + + nr nr + + + 
nr nr A,S,p A,S A, S, nr A,S A,S A, S, p, f A,S A,p, S A,pS ap A,p,S 
(ib, iv) (iv p, f) p, pa (p, ib) (iv, p, f) (iv, ib) (p, ib) (ib, iv) (ibivl LS 


(ib, iv, 1) (ib, iv) 
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Morphology and general characteristics. Microscopically, 
members of the genus Bacteroides are pale-staining, Gram- 
stain-negative bacilli with rounded ends, occurring singly or in 
pairs. Cells are approximately 0.5-2.0 x 1.6-12 um. Cells are 
uniform, pleomorphic, or vacuolized, traits that are medium- 
and age-dependent. Colonies on blood agar are 1-3 mm in 
diameter, smooth, circular, entire, convex, white to gray, and 
nonhemolytic. According to the characteristic special potency 
antibiotic identification disk profile of Bacteroides species, they 
are resistant to vancomycin (5 ug), kanamycin (1000 ug), and 
colistin (10 ug). Good growth on bacteroides bile esculin 
(BBE) medium and other 20% bile (2% oxgall)-containing 
media is characteristic of species of the genus Bacteroides, with 
the exception of Bacteroides helcogenes, Bacteroides pyogenes, and 
some strains of Bacteroides uniformis. On BBE agar, Bacteroides 
species hydrolyze esculin, blackening the agar except for most 
strains of Bacteroides vulgatus and some strains of Bacteroides pyo- 
genes and Bacteroides stercoris that are esculin-negative. B-Galac- 
tosidase, alkaline phosphatase, leucyl glycine arylamidase, and 
alanine arylamidase activities are detected. Both nonhydroxy- 
lated and 3-hydroxylated long-chain fatty acids are present. The 
nonhydroxylated acids are predominantly of the straight-chain 
saturated, anteiso- and iso-methyl branched-chain types. Char- 
acteristics of the Bacteroides species are presented in Table 2. 


Nutrition and growth conditions. Carbon dioxide is uti- 
lized or required and incorporated into succinic acid (Caldwell 
et al., 1969). Hemin and vitamin K, are required or highly 
stimulatory for growth and are added routinely to media for 
Bacteroides. Growth of described species is most rapid at 37°C 
and pH near 7.0. 


Antibiotics and drug resistance. The Bacteroides species are 
among the most antibiotic resistant of the anaerobes. They are 
usually resistant to penicillins and not uncommonly resistant 
to expanded and broad-spectrum cephalosporins (including 
relatively B-lactamase-resistant drugs such as cefoxitin) and clin- 
damycin (Wexler and Finegold, 1998). Antimicrobial agents 
that are active against >99% of clinical isolates of Bacteroides 
include metronidazole, chloramphenicol, and carbapenems; 
however, strains of the Bacteroides fragilis group with resistance 
to imipenem and metronidazole are also encountered. Agents 
active against 95-99% of Bacteroides fragilis isolates include the 
P-lactam/p-lactamase inhibitor combinations. Bacteroides fragi- 
lis group species other than Bacteroides fragilis are more likely 
to be resistant to B-lactam/f-lactamase inhibitor combinations 
than Bacteroides fragilis. The level of chloramphenicol suscep- 
tibility remains quite high, whereas almost uniform resistance 
to aminoglycosides is observed and resistance to quinolones 
is common. Several multicenter surveys have documented an 
alarming gradual increase in resistance rates of Bacteroides spe- 
cies worldwide (Snydman et al., 2002). Multiresistant Bacteroides 
fragilis group strains, some of which are capable of transfer- 
ring resistance genes, have been isolated in several countries. 
Although the rate of Bacteroides fragilis resistance to carbapenems 
or B-lactam/f-lactamase inhibitor combination drugs remains 
low, some investigators have noted a gradual increase in mini- 
mum inhibitory concentrations. Agents such as clindamycin 
and some cephalosporins, which have traditionally been con- 
sidered good choices against Bacteroides fragilis group strains, 
are losing activity against these clinically important pathogens. 


The classical mechanisms of resistance to B-lactams are: (a) 
production of B-lactamases; (b) alteration of penicillin-binding 
proteins; and (c) changes in outer membrane permeability to 
p-lactams. Resistance to clindamycin is mediated by modifica- 
tion of the ribosome. Tetracycline resistance is mediated by 
both tetracycline efflux and ribosomal protection. 5-Nitroim- 
idazole resistance appears to be caused by a combination of 
decreased antibiotic uptake and decreased nitroreductase activ- 
ity (Fang et al., 2002). Two main mechanisms - alteration of 
target enzymes (gyrase) caused by chromosomal mutations in 
encoding genes and reduced intracellular accumulation due to 
increased efflux of the drug — are associated with quinolone 
resistance in the Bacteroides fragilis group (Oh and Edlund, 
2003). 


Natural habitats and clinical significance. Members of 
the “Bacteroides fragilis group" are major constituents of the 
normal human colonic flora and are also found in smaller 
numbers in the female genital tract, but are not common in 
the mouth or upper respiratory tract. The “Bacteroides fragilis 
group" makes up one-third of all clinical isolates of anaer- 
obes. Bacteroides fragilis is the most frequently encountered, 
with Bacteroides thetaiotaomicron second. They are recovered 
from most intra-abdominal infections and may occur in 
infections at other sites. Bacteroides fragilis strains producing 
a potent zinc-dependent metalloprotease or enterotoxin with 
a variety of pathological effects on intestinal mucosal cells 
have been identified. Enterotoxin-producing Bacteroides fra- 
gilis strains have been isolated from the intestinal tracts of 
young farm animals and small children with diarrhea and in 
cases of extra-abdominal infections including bacteremia, but 
they have also been isolated from fecal samples from healthy 
children and adults (Sears et al., 1995). To date, three types 
of the enterotoxin, each having different virulence and geo- 
graphical distribution, have been characterized. Other mem- 
bers of the Bacteroides fragilis group are present less often in 
infection. 


Enrichment and isolation procedures 


A complex medium containing peptone, yeast extract, vita- 
min K,, and hemin is recommended for isolation of most spe- 
cies. The use of selective media along with nonselective media 
will increase yield and save time in terms of isolation of Bacte- 
roides. Fresh or pre-reduced media (commercially available 
from Anaerobe Systems) are recommended, as both increase 
the initial isolation efficiency. The recommended minimum 
medium setup for culture of clinical specimens includes: (a) a 
nonselective, enriched, Brucella base sheep blood agar plate 
supplemented with vitamin K, and hemin; and (b) a BBE 
agar plate for specimens from below the diaphragm for the 
selection and presumptive identification of the “Bacteroides 
fragilis group" (and Bilophila spp.). When indicated, a phenyl- 
ethyl alcohol-sheep blood agar plate to prevent overgrowth 
by aerobic Gram-stain-negative rods and swarming of some 
clostridia may also be used. After inoculation, the anaerobic 
plates should be placed immediately in an anaerobic environ- 
ment containing at least 596 carbon dioxide. Carbon dioxide 
is required for optimal growth of most of the saccharolytic 
species. The plates are examined after incubation for 48 h at 
35 or 37°C. 
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Maintenance procedures 


The following procedures are those of Jousimies-Somer et al. 
(2002). Cultures of Bacteroides species can be maintained by 
regularly subculturing. A young, actively growing culture can 
be put into stock from liquid or solid media by freezing at 
-70°C or lyophilizing in a well-buffered medium containing 
no fermentable carbohydrate. Supplemented (vitamin K, and 
hemin) thioglycolate medium or chopped meat broth incu- 
bated for 24—48 h, depending on the growth rate of the isolate, 
can be used to prepare stock cultures. Broth culture (0.5 ml) 
is added to an equal volume of sterile 20% skim milk or 15% 
glycerol prepared in an unbreakable screw-capped vial. For 
toxin-producing organisms, storage under anaerobic condi- 
tions at -70^C after a minimal number of subcultures may be 
important. 


Differentiation of the genus Bacteroides 
from other genera 


Bacteroides can be differentiated from other known related gen- 
era by 16S rRNA gene sequence analysis because the members 
form a distinct cluster within the Bacteroides subgroup with 
mean interspecies similarities of approximately 93% (Paster 
et al., 1994). The stability of this cluster has also been verified 
by bootstrap analysis with a confidence level of 100%. Species of 
the genus Bacteroides can also be distinguished from species of 
other closely related genera by bile resistance, cellular fatty acid 
content, fermentation, and pigmentation (Table 3). Members 
of the genus can be distinguished from those of the most closely 
related genera Prevotella and Porphyromonas by their resistance to 
20% bile. In addition, Bacteroides species are highly fermentative 


and generally produce acetic and succinic acids as the major 
end products of glucose metabolism, in contrast to asaccha- 
rolytic species in the genus Porphyromonas and moderately sac- 
charolytic species in Prevotella. Bacteroides species can also be 
readily distinguished from Porphyromonas species by not being 
pigmented and containing predominantly 12-methyl-tetrade- 
canoic acid (C,,, anteiso) as the long-chain fatty acid, in con- 
trast to pigmented Porphyromonas species, which contain mainly 
13-methyl-tetradecanoic acid (C, iso). All Bacteroides species 
examined so far possess the enzymes glucose-6-phosphate dehy- 
drogenase (G6PDH) and 6-phosphogluconate dehydrogenase 
(6PGDH), which differs from other genera. Furthermore, 
the dibasic amino acid of their cell wall peptidoglycan is meso- 
diaminopimelic acid. The principal respiratory quinones are 
menaquinones with 10 or 11 isoprene units or both. Sphingo- 
lipids are produced (Shah and Collins, 1983). Unfortunately, 
these features have not been tested in many of the recently 
described Bacteroides species. Characteristics that differentiate 
Bacteroides from related taxa within the phylum * Bacteroidetes" 
are presented in Table 3. 


Taxonomic comments 


The taxonomy of the genus Bacteroides has been in a state of 
great change in recent years. On the basis of 16S rRNA gene 
sequence analysis, Bacteroides forms the "CFB group" with 
Cytophaga and Flavobacterium (Woese, 1987). The “CFB group" 
is divided into the Cytophaga, Flavobacterium, and Bacteroides sub- 
groups. The Bacteroides subgroup is further divided into the 
Prevotella cluster, Porphyromonas cluster, Bacteroides cluster, and 
two new unnamed clusters. Accordingly, it is now generally 


TABLE 3. Descriptive characteristics of Bacteroides and related genera* 


ç 
* š ° 
S E ° = = 
E = E š S 
Characteristic s x x < = 
Pigment production = + +/- + i 
Growth in 20% bile + _ _ + - 
Susceptibility to:* 
Vancomycin (5 ug) R S/R R R R 
Kanamycin (1 mg) R R S/R R S 
Colistin (10 ug) R R S/R R S 
Catalase production - - - -— - 
Indole production +/- +/- +/- + - 
Nitrate reduction - - - - - 
G6PDH and 6PGDH dehydrogenase production * > = = = 
Proteolytic activity _ +/- +/- + + 
Carbohydrate fermentation + al + + = 
Major metabolic end product(s)! A,S A,B A,S S A, S, PA 
Major cellular fatty acids Cs. anteiso Cz. iso Ci, anteiso C, iso Cz. anteiso 
DNA G+C content (mol%) 40-48 40-55 39-60 55-58 44-48 
Type species B. fragilis P. asaccharolytica P. melaninogenica A. putredinis T. forsythia 


“Symbols: +, positive; —, negative; —*, usually negative, sometimes positive; +/—, positive or negative; +, usually positive, sometimes negative. 


^Bacteroides sensu stricto. 


*Unlike other Porphyromonas spp., P. catoniae does not produce pigment and is moderately saccharolytic. 
"Unlike other Alistipes spp., A. putredinis does not produce pigment, is susceptible to bile, catalase-positive, and nonsaccharolytic. 
*Special potency antimicrobial identification disks; R, resistant; S, susceptible; S/R, either sensitive or resistant. 


'A, acetic acid; B, butyric acid; PA, phenylacetic acid; S, succinic acid. 
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recognized that the majority ofthe original Bacteroidesspecies fall 
into three genera: Prevotella (bile-sensitive, moderately saccha- 
rolytic, pigmented and nonpigmented species), Porphyromonas 
(bile-sensitive, pigmented, asaccharolytic species), and Bacteroi- 
des (bile-resistant, nonpigmented, saccharolytic species) (Shah 
and Collins, 1988, 1989, 1990). Several other genera have been 
described subsequently for those clearly unrelated Bacteroides 
taxa that do not conform to these three major groups (e.g., 
Alistipes, Anaerorhabdus, Dichelobacter, Fibrobacter, Megamonas, 


TABLE 4. Taxonomy changes in the genus Bacteroides 


Mitsuokella, Rikenella, Sebaldella, Tannerella, and Tissierella) 
(Table 4). However, a large number of taxa still remain unclas- 
sified and several, such as Bacteroides capillosus, Bacteroides cellu- 
losolvens, Bacteroides ureolyticus, and Bacteroides splanchnicus, are 
retained in Bacteroides until valid new genera are proposed. The 
genus Bacteroides now contains mainly the species that were 
formerly described as the “Bacteroides fragilis group” (including 
Bacteroides eggerthii), as well as several later described species. 
It is evident from the phylogenetic data (Figure 14) that three 
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Ruminobacter amylophilus 
Tannerella forsythia 


Stackebrandt and Hippe (1986) 
Sakamoto et al. (2002) 
Shah and Collins (1986) 
Vandamme et al. (1995) 
Shah and Collins (1982b) 
collins et al. (1985) 
Shah and Collins (1982a) 
Dewhirst et al. (1990) 
Leadbetter et al. (1979) 
Moore and Moore (1994) 
Collins and Shah (1986b) 
Rautio et al. (2003) 
Montgomery et al. (1988) 
Collins and Shah (1986a) 


Anaerorhabdus furcosa 
Campylobacter gracilis 
Megamonas hypermegale 
Rikenella microfusus 
Mitsuokella multacida 
Dichelobacter nodosus 
Capnocytophaga ochracea 
Dialister pneumosintes 
Tissierella praeacuta 
Alistipes putredinis 
Fibrobacter succinogenes 
Sebaldella termitidis 
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bile-resistant “Bacteroides fragilis group” species — Bacteroides 
distasonis, Bacteroides merdae, and the recently described Bacte- 
roides goldsteinii — cluster close to the bile-sensitive Tannerella for- 
sythia (formerly Bacteroides forsythus) and display a loose affinity 
with the first subcluster (the genus Porphyromonas), suggesting 
that a novel genus should be established to accommodate these 
three species. Sakamoto and Benno (2006) created the genus 
Parabacteroides to encompass three species that were previously 
classified in Bacteroides, viz., Parabacteroides distasonis (previously 
Bacteroides distasonis) , Parabacteroides goldsteinii (previously Bacte- 
roides goldsteinii), and Parabacteroides merdae (previously Bacte- 
roides merdae). A fourth species, Parabacteroides johnsonii, was 
subsequently added (Sakamoto et al., 2007). The description 
of Parabacteroides is as follows (Sakamoto and Benno, 2006). 
Rods (0.8-1.6 x 1.2-12 um). Nonmotile. Non-spore-forming. 
Gram-stain-negative. Obligately anaerobic. Colonies on Egg- 
erth-Gagnon (EG) agar plates are 1-2 mm in diameter, gray 
to off-white gray, circular, entire, slightly convex, and smooth. 
Saccharolytic. Major end products are acetic and succinic acids; 


lower levels of other acids may be produced. Growth occurs 
in the presence of 2046 bile. Esculin is hydrolyzed. Indole is 
not produced. G6PDH, 6PGDH, malate dehydrogenase, and 
glutamate dehydrogenase are present, but not a-fucosidase. 
The principal respiratory quinones are menaquinones MK-9 
and MK-10. Both nonhydroxylated and 3-hydroxylated long- 
chain fatty acids are present. The nonhydroxylated acids are 
predominantly of the saturated straight chain and anteiso- 
methyl branched chain types. The DNA G+C content is 43-46 
mol^6. The type species is Parabacteroides distasonis (Eggerth and 
Gagnon, 1933) Sakamoto and Benno 2006, 1602". 

Interestingly, the bile-sensitive oral species Prevotella hepa- 
rinolytica and Prevotella zoogleoformans fall, phylogenetically, 
within the Bacteroides cluster. The Subcommittee on Gram-neg- 
ative Rods of the International Committee on Systematics of 
Prokaryotes recommended designating them Bacteroides hepa- 
rinolytica and Bacteroides zoogleoformans, respectively, but studies 
other than 16S rRNA gene sequence analysis should be per- 
formed before the status of these taxa is finalized. 


List of species of the genus Bacteroides 


1. Bacteroides fragilis (Veillon and Zuber 1898) Castellani 
and Chalmers 1919, 9594" [Bacillus fragilis Veillon and 
Zuber 1898, 536; Fusiformis fragilis (Veillon and Zuber 
1898) Topley and Wilson 1929, 393; Ristella fragilis (Veil- 
lon and Zuber 1898) Prévot 1938; Bacteroides fragilis 
subsp. fragilis (Veillon and Zuber 1898) Castellani and 
Chalmers 1919, 959] 


fra'gi.lis. L. masc. adj. fragilis fragile (relating to the brittle 
colonies that may form under some culture conditions). 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells occur singly or in pairs and have rounded ends. Vacu- 
oles are often present, particularly in broth media contain- 
ing a fermentable carbohydrate. Surface colonies on blood 
agar are 1-3 mm in diameter, circular, entire, low convex, 
and translucent to semi-opaque. They often have an inter- 
nalstructure of concentric rings when reviewed by obliquely 
transmitted light. In general, strains produce no hemolysis 
on blood agar, although a few strains may be slightly hemo- 
lytic, particularly in the area of confluent growth. Growth 
is often enhanced by 2046 bile. Growth may occur at 25 
or 45*C. Most strains grow at pH 8.5, but they grow more 
slowly and less luxuriantly than at pH 7.0. Cells can survive 
exposure to air for at least 6-8 h. Hemin is either required 
for growth or markedly stimulates growth. The major fat- 
ty acids are C,., anteiso, C; iso, Cj, iso 3-OH, and Cgo 
Strains have been isolated from various types of human clin- 
ical specimens or conditions including appendicitis, perito- 
nitis, endocarditis, bacteremia, perirectal abscess, infected 
pilonidal cyst, postsurgical wound infections, and lesions of 
the urogenital tract; occasionally isolated from the mouth 
and vagina. It is the major obligately anaerobic, Gram-stain- 
negative bacterium isolated from various infections. 

Although Bacteroides fragilis strains show little phenotypic 
variability, the species comprises genetically heterogeneous 
strains (Johnson, 1978). A DNA-DNA hybridization study 


by Johnson and Ault (1978) led to the distinction of two 
DNA homology groups, I and II, with about 80% of strains 
isolated in clinical studies assigned to homology group I. 
Similarly, two genotypically distinct Bacteroides fragilis groups 
have been identified on the basis of ribotyping, restriction 
fragment length polymorphism analysis, PCR-generated 
fingerprinting, insertion sequence content, 16S rRNA gene 
sequence alignments, multilocus enzyme electrophoresis, 
and genetic marker sequence analysis (Gutacker et al., 
2000, 2002). One group is characterized by the presence of 
the cfiA gene (encoding a metallo-f-lactamase of Ambler’s 
class B) and the absence of the cepA gene (encoding a B-lac- 
tamase of Ambler's class A). The second group is character- 
ized by the absence of the cfiA gene and of the associated in- 
sertion sequences, the frequent presence of the cepA gene, 
and a higher genetic heterogeneity (Podglajen et al., 1995; 
Ruimy etal., 1996). By including strains obtained from John- 
son (1978) in their 16S rRNA gene sequence comparison, 
Ruimy et al. (1996) showed that the two groups described 
above could be related to DNA homology groups II and I, 
respectively. However, data obtained so far are still insuf- 
ficient to clarify definitively whether the two groups may be 
considered as two distinct genospecies that have diverged 
recently, or if they represent two Bacteroides fragilis groups 
not yet separated at the species level, but evolving in this 
direction. 

Putative virulence factors of Bacteroides fragilis include 
attachment mechanisms, relative aerotolerance, extracel- 
lular enzyme production, and resistance to complement- 
mediated killing and phagocytosis. A polysaccharide cap- 
sule contributes to this resistance and resistance to T-cell 
activity (Patrick, 2002). An enterotoxin termed Bacteroides 
fragilis toxin, or BFT, is a recognized virulence factor. BFT 
has been characterized as a 20-kDa zinc-dependent metal- 
loprotease (Moncrief et al., 1995) that mediates the cleav- 
age of E-cadherin, resulting in an altered morphology of 
certain human intestinal carcinoma cell lines (particularly 
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HT29/Clcells), fluid accumulation in ligated lamb ileal 
loops, and intestinal epithelial cell proliferation. It has been 
reported that the bft gene is contained in a 6-kb pathogenic- 
ity island termed the Bacteroides fragilis pathogenicity island 
or BfPAI (Franco et al., 1999). 

The genomes of the Bacteroides fragilis type strain, NCTC 
9343", and a clinical strain, YCH46, have been sequenced. 
The genome of Bacteroides fragilis NCTC 9343" contains 
a single circular chromosome of 5,205,140 bp that is 
predicted to encode 4274 genes and a plasmid, pBF9343. It 
shows considerable variation, even within the same strain, 
and “invertable promoters” appear to regulate much of this 
variance in many surface-exposed and secreted proteins 
(Cerdeno-Tarraga et al., 2005). The complete genome se- 
quence has revealed an unusual breadth (in number and 
in effect) of DNA inversion events that potentially con- 
trol expression of many different components, including 
surface and secreted components, regulatory molecules, 
and restriction-modification proteins. This may be related 
to its niche as a commensal and opportunistic pathogen, 
because the resulting diversity in surface structures could 
increase both immune evasion and the ability to colonize 
novel sites. 

Source: human clinical specimens. 

DNA G+C content (mol96): 41-44 (HPLC). 

Type strain: ATCC 25285, CCUG 4856, CIP 77.16, DSM 
2151, JCM 11019, LMG 10263, NCTC 9343. 

Sequence accession no. (16S rRNA gene): AB050106, 
X83935, M11656; genome sequences of strain NCTC 
9343", NC_003228, CR626927; genome sequences of strain 
YCH46, NC_006347, AP006841. 


. Bacteroides acidifaciens Miyamoto and Itoh 2000, 148%? 


a.ci.di/fa.ci.ens. N.L. n. acidum (from L. adj. acidus sour) 
acid; L. v. facio produce; N.L. part. adj. acidifaciens acid-pro- 
ducing. 

Characteristics are as described for the genus and as given 
in Table 2, with the following additional characteristics. 
After 48h incubation, surface colonies on EG agar (Mitsuoka 
etal., 1965) are 1-3 mm in diameter, circular, entire, raised, 
convex, smooth, and grayish. The specific character of this 
species is reduction of the pH of pre-reduced anaerobically 
sterilized peptone-yeast extract (PY) broth with Fildes’ di- 
gest (PYF) (Fildes et al., 1936) broth without carbohydrate. 

Source: mouse cecum. 

DNA G+C content (mol % ): 39.4—42.4 (HPLC). 

Type strain: strain A40, JOM 10556. 

Sequence accession no. (16S rRNA gene): AB021164. 


. Bacteroides caccae Johnson, Moore and Moore 1986, 


499%? 


cac'cae. Gr. n. kakké feces; N.L. gen. n. caccae of feces, refer- 
ring to the source of isolate. 


Characteristics are as described for the genus and as 
given in Table 2, with the following additional character- 
istics. Cells of the type strain from peptone-yeast-glucose 
(PYG) broth cultures occur singly or in pairs; cells may 
appear vacuolated or beaded in strains from broth cultures 
in media with a fermentable carbohydrate. Surface colo- 
nies on supplemented brain heart infusion (BHI) blood 


4. 


6. 


agar plates (Jousimies-Somer et al., 2002) incubated for 
48 h are 0.5-1 mm in diameter, circular, entire, convex, 
gray, translucent, shiny, and smooth. Rabbit blood may 
be slightly hemolyzed. Strains grow equally well at 30 and 
37°C, but less well at 25 and 45°C. The type strain reduces 
neutral red and does not produce H,S. Pyruvate is convert- 
ed to acetate. Lactate and threonine are not utilized. The 
major fatty acids are C,., anteiso, C, iso, C}, iso 3-OH, 
and Ciso 

Source: human feces and blood. 

DNA G+C content (mol % ): 40-42 (HPLC). 

Type strain: ATCC 43185, CCUG 38735, CIP 104201, JCM 
9498, NCTC 13051, VPI 3452A. 

Sequence accession no. (16S rRNA gene): X83951. 

Additional remarks: Previously referred to as “3542A” DNA 
homology group (Johnson, 1978; Johnson and Ault, 1978). 


17:0 


Bacteroides coprocola Kitahara, Sakamoto, Ike, Sakata and 
Benno 2005, 2146V* 


co.pro.co'la. Gr. n. kopros feces; L. suff. -cola (from L. n. 
incola) inhabitant; N.L. n. coprocola inhabitant of feces. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Surface colonies on EG blood agar incubated for 48 h are 
1.0 to approximately 3.0 mm in diameter, disc shaped, and 
grayish white. The major fatty acids are C,., anteiso, C 
3-OH, Cso Ciz iso 3-OH, and C,,, 99v. 

Source: feces of healthy humans. 

DNA G+C content (mol96): 42.4 (HPLC). 

Type strain: strain M16, DSM 17136, JCM 12979. 

Sequence accession no. (16S rRNA gene): AB200224. 
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. Bacteroides coprosuis Whitehead, Cotta, Collins, Falsen 


and Lawson 2005, 2517’? 


co.pro.su’is. Gr. n. kopros feces; L. gen. n. suis of a pig; N.L. 
gen. n. coprosuis of pig feces, from which the organism was 
isolated. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells usually occur singly, but occasionally in pairs in PYG. 
Colonies grown on BHI agar plates after 48 h incubation 
are cream-colored, circular, convex, entire, opaque, and 
reach a diameter of 1 mm. Strains grow at 25-37°C, but not 
at 42 or 45°C, with an optimum of 37°C. The major fatty ac- 
ids are C, anteiso and C,,, iso 3-OH. Significant amounts 
of C iso and C}; iso are also present. 

Source: swine feces. 

DNA G+C content (mol 96): 36.4 (HPLC). 

Type strain: PC139, CCUG 50528, NRRL B-41113. 

Sequence accession no. (16S rRNA gene): AJ514258, 
AF319778. 


Bacteroides distasonis Eggerth and Gagnon 1933, 403^- 
[Ristella distasonis (Eggerth and Gagnon 1933) Prévot 1938, 
291; Bacteroides fragilis subsp. distasonis (Eggerth and Ga- 
gnon 1933) Holdeman and Moore 1970, 35] 


dis.ta.so'nis. N.L. gen. masc. n. distasonis of Distaso, named 
after A. Distaso, a Romanian bacteriologist. 

Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
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In PYG, cells usually occur singly, but occasionally in pairs. 
Colonies on sheep-blood agar are pinpoint to 0.5 mm in 
diameter, circular, entire, convex, translucent to opaque, 
gray-white, soft, smooth, and a-hemolytic (sheep blood). 
Hemin is required or is highly stimulatory for growth. Re- 
sazurin, but not neutral red, is reduced. Propionate is not 
formed from lactate or threonine. Neither pyruvate nor 
gluconate is converted to products other than those found 
after growth in PY. The major fatty acids are C,., anteiso, 
Ciso iso, Ciz iso 3-OH, and C,,,. Isolated primarily from 
human feces, where it is one of the most common species; 
also isolated from human clinical specimens. 

This species has been recently reclassified as Parabacte- 
roides distasonis Sakamoto and Benno (2006); see Taxonomic 
comments, above). 

Source: human feces, human clinical specimens. 

DNA G+C content (mol96): 43-45 (HPLC). 

Type strain: ATCC 8503, CCUG 4941, CIP 104284, DSM 
20701, JCM 5825, NCTC 11152. 

Sequence accession no. (16S rRNA gene): M86695. 


. Bacteroides dorei Bakir, Sakamoto, Kitahara, Matsumoto 
and Benno 2006c, 1642W? 


do.re'i. N.L. gen. masc. n. dorei of Doré, in honor of the 
French microbiologist Joel Doré, in recognition of his many 
contributions to intestinal (gut) microbiology. 


Cells are Gram-stain-negative rods, anaerobic, nonmo- 
tile, and non-spore-forming. Typical cells are 1.6-4.2 x 
0.8-1.2 um and occur singly. Colonies on EG agar plates 
after 48 h incubation at 37°C under 100% CO, are cir- 
cular, whitish, raised, and convex, and attain a diameter 
of 2.0 mm. Optimum temperature for growth is 37°C. 
Growth occurs in the presence of bile. Esculin is not hy- 
drolyzed. Nitrate is not reduced. No activity is detected 
for urease and gelatin. Acid is produced from glucose, 
sucrose, xylose, rhamnose, lactose, maltose, arabinose, 
mannose, and raffinose. Acid is not produced from cello- 
biose, salicin, trehalose, mannitol, glycerol, melezitose, or 
sorbitol. Positive reactions are obtained using API rapid 
ID 32A for a-fucosidase, a-galactosidase, B-galactosidase, 
6-phospho-f-galactosidase, a-glucosidase, f-glucosidase, 
a-arabinosidase, D-glucuronidase, N-acetyl-B-glucosamini- 
dase, glutamic acid, decarboxylase, alkaline phosphatase, 
arginine arylamidase, leucyl glycine arylamidase, phenyla- 
lanine arylamidase, leucine arylamidase, tyrosine arylami- 
dase, alanine arylamidase, glycine arylamidase, histidine 
arylamidase, glutamyl glutamic acid arylamidase, and ser- 
ine arylamidase. Negative reactions are obtained for argi- 
nine dihydrolase, and proline arylamidase. Major fatty 
acids are C,,, anteiso (26-32%), Ci; iso 3-OH (17-19%) 
and C,,., @ 9% (9-12%). 

Source: human feces. 

DNA G+C content (mol % ): 43 (HPLC). 

Type strain: 175, JCM 13471, DSM 17855 [strain 219 (JCM 
13472) is included in this species]. 

Sequence accession no. (16S rRNA gene): AB242142. 


. Bacteroides eggerthii Holdeman and Moore 1974, 260^- 


eg.gerth'i.. N.L. gen. masc. n. eggerthii of Eggerth, named 
after Arnold H. Eggerth, an American bacteriologist. 


17:0 


10. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
In PYG broth, cells are pleomorphic rods, ranging from 
coccoid to large rods with vacuoles or swellings, occurring 
singly or in pairs. Colonies on blood agar are punctiform, 
circular, entire convex, translucent, gray-white, shiny, 
smooth, and nonhemolytic. Hemin markedly stimulates 
growth, but is not required. Without hemin, malate and 
lactate are produced; with hemin, succinate and acetate 
are produced. Vitamin B,, is required for production of 
propionate from succinate. The optimum temperature 
for growth is 37°C. There is good growth at 30 and 45°C, 
moderate growth at 25°C. Neutral red is reduced. The ma- 
jor fatty acids are C, anteiso, C, iso, C}, iso 3-OH, and 

Source: human feces and occasionally from clinical speci- 
mens. 

DNA G+C content (mol % ): 44-46 (HPLC). 

Type strain: ATCC 27754, CCUG 9559, CIP 104285, DSM 
20697, NCTC 11155. 

Sequence accession no. 


L16485. 


(168 rRNA gene): AB050107, 


. Bacteroides finegoldii Bakir, Kitahara, Sakamoto, Matsu- 


moto and Benno 2006b, 934%? 


fine.gold'iu. N.L. gen. masc. n. finegoldii of Finegold, in 
honor of Sydney M. Finegold, a contemporary researcher 
in anaerobic bacteriology and infectious diseases. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells occur singly. Surface colonies on EG blood agar plates 
after 48 h are 1-2 mm in diameter, circular, translucent- 
whitish, raised, and convex. The major fatty acids are C 
anteiso and C. iso 3-OH. 

Source: feces of healthy humans. 

DNA G+C content (mol96): 42.4-43 (HPLC). 

Type strain: strain 199, JCM 13345, DSM 17565. 

Sequence accession no. (16S rRNA gene): AB222699. 


15:0 


Bacteroides goldsteinii Song, Liu, Lee, Bolanos, Vaisanen 
and Finegold 2006, 499V* (Effective publication: Song, Liu, 
Lee, Bolanos, Vaisanen and Finegold 2005a, 4526.) 


gold.stein'i.i. N.L. gen. masc. n. goldsteinii of Goldstein, in 
honor of an infectious disease clinician who has done much 
work with anaerobes, Ellie J.C. Goldstein. 


Characteristics are as described for the genus and as 
given in Table 2, with the following additional character- 
istics. Cells occur singly, occasionally in pairs. Colonies on 
Brucella blood agar plates at 48 h are gray, circular, convex, 
entire, opaque, and attain a diameter of 1-2 mm. The ma- 
jor fatty acids are C, anteiso and C. iso 3-OH. Significant 
amounts of C ,@9c and C,,,, anteiso 3-OH are also present. 
Habitat is probably the human gut. 

This species has been recently reclassified as Parabacte- 
roides goldsteinii (Sakamoto and Benno, 2006; see Taxonomic 
comments, above). 

Source: human clinical specimens of intestinal origin. 

DNA G+C content (mol % ): 43 (HPLC). 

Type strain: WAL 12034, CCUG 48944, ATCC BAA-1180. 

Sequence accession no. (16S rRNA gene): AY974070. 
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Bacteroides helcogenes Benno, Watabe and Mitsuoka 
1983a, 896" (Effective publication: Benno, Watabe and 
Mitsuoka 1983b, 404.) 


hel.co.ge'nes. Gr. n. helkos abscess; N.L. suff. -genes (from 
Gr. v. gennaó to produce), producing; N.L. adj. helcogenes 
abscess-producing. 


Characteristics are as described for the genus and as given 
in Table 2, with the following additional characteristics. Cells 
are single or in pairs. After 48 h of incubation on EG agar, 
surface colonies are 1.0-2.0 mm in diameter, circular with 
entire edges, convex, translucent to opaque, gray to gray- 
white, shiny, and smooth. Most strains do not grow in pep- 
tone-yeast-Fildes-glucose (PYFG) broth containing 20% bile. 
The major fatty acids are C,,, anteiso and C} iso 3-OH. 

Source: swine abscesses and feces. 

DNA G+C content (mol96): 45.3-46.3 (HPLC). 

Type strain: strain P 36-108, ATCC 35417, CCUG 15421, 
DSM 20613, JCM 6297. 

Sequence accession no. (16S rRNA gene): AB200227. 
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Bacteroides intestinalis Bakir, Kitahara, Sakamoto, Matsu- 
moto and Benno 2006a, 153°” 


in.tes.ti.na'lis. L. n. intestinum gut, intestine; L. masc. suff. 
-alis suffix denoting pertaining to; N.L. masc. adj. intestinalis 
pertaining to the intestine. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells occur singly. Surface colonies on EG blood agar plates 
after 2 d are 1-3 mm in diameter, circular, translucent- 
whitish, raised, and convex. The major fatty acids are C 
anteiso and C, iso 3-OH. 

Source: feces of healthy humans. 

DNA G+C content (mol96): 44 (HPLC). 

Type strain: strain 341, DSM 17393, JCM 13265. 

Sequence accession no. (16S rRNA gene): AB214328. 


15:0 


Bacteroides massiliensis Fenner, Roux, Mallet and Raoult 
2005, 55°? 

mas.si'li.en.sis. L. masc. adj. massiliensis of Massilia, the 
ancient Roman name for Marseille, France, where the type 
strain was isolated. 

Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells usually occur singly. Surface colonies on sheep blood 
agar plates after 2 d are 1-2 mm in diameter, circular, white- 
grayish, translucent, raised, and convex. No hemolysis on 
sheep blood agar. Optimum growth temperature is 37°C, 
but growth is observed at 25-42*C. The major fatty acid is 
C; anteiso. 

Source: human blood culture. 

DNA G+C content (mol96): 49 (HPLC). 

Type strain: strain. B84634, CCUG 48901, CIP 107942, 
JCM 13223. 

Sequence accession mo. 


AB200226. 


(16S rRNA gene): AY126616, 


Bacteroides merdae Johnson, Moore and Moore 1986, 
499V? 


mer'dae. L. gen. n. merdae of feces, referring to the source 
of the isolate. 


15. 


16. 


Characteristics are as described for the genus and as 
given in Table 2, with the following additional character- 
istics. Cells occur singly or in pairs or short chains. Surface 
colonies on BHI blood agar plates supplemented with vita- 
min K and hemin are 0.5-1.0 mm in diameter, circular to 
slightly irregular, entire, convex, white, shiny, and smooth. 
Rabbit blood is slightly hemolyzed. The type strain reduces 
neutral red and resazurin and produces hydrogen sulfide 
after incubation for 5 d. Pyruvate is converted to acetate 
and propionate. Lactate, threonine, and gluconate are not 
utilized. The major fatty acids are C, anteiso, C; iso, C 
iso 3-OH, and Cso 

This species has been recently reclassified as Parabacterot- 
des merdae (Sakamoto and Benno, 2006; see Taxonomic com- 
ments, above). 

Source: human feces and occasionally clinical specimens. 

DNA G+C content (mol % ): 43-46 (HPLC). 

Type strain: strain ATCC 43184, CCUG 38734, CIP 104202, 
JCM 9497, NCTC 13052, VPI T4-1. 

Sequence accession no. (16S rRNA gene): AY169416, X83954, 
U50416. 

Additional remarks: Previously referred to as “T4-1” 
DNA homology group (Johnson, 1978; Johnson and Ault, 
1978). 
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Bacteroides nordii Song, Liu, McTeague and Finegold 
2005b, 983%” (Effective publication: Song, Liu, McTeague 
and Finegold 2004, 5569.) 


nor.dii. N.L. gen. masc. n. nordii of Nord, to honor Carl 
Erik Nord, who has contributed much to our knowledge of 
anaerobic bacteriology and intestinal bacteriology. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells occur singly or in pairs. Colonies on Brucella blood 
agar plates at 48 h are gray, circular, convex, entire, opaque, 
and attain a diameter of 1-2 mm. The major fatty acids are 
Ciso anteiso, C; iso, Ciso 3-OH, and C,,, @9c. Probably of 
intestinal origin. 

Source: clinical sources such as peritoneal fluid, appendix 
tissue, and intra-abdominal abscesses. 

DNA G+C content (mol 96): 41.4 (HPLC). 

Type strain: strain WAL 11050, ATCC BAA-998, CCUG 
48943. 

Sequence accession no. (16S rRNA gene): AY608697. 


Bacteroides ovatus Eggerth and Gagnon 1933, 405^ [ Pas- 
teurella ovata Eggerth and Gagnon 1933) Prévot 1938, 292; 
Bacteroides fragilis subsp. ovatus (Eggerth and Gagnon 1933) 
Holdeman and Moore 1970, 35] 


o.va'tus. L. masc. adj. ovatus ovate, egg-shaped (relating to 
the cellular shape). 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells are oval, occurring singly, but occasionally in pairs. 
Capsules are detected in some strains. Surface colonies on 
blood agar are 0.5-1.0 mm, circular, entire, convex, pale 
buff, semi-opaque, and may have a mottled appearance. 
There is no hemolysis of sheep blood. Hemin is required or 
is highly stimulatory for growth. The major fatty acids are 


Cz anteiso, C,,, iso 3-OH, C,., o9c, and C; iso. 


17. 
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Source: human feces and occasionally human clinical 
specimens. 

DNA G+C content (mol96): 39-43 (HPLC). 

Type strain: ATCC 8483, BCRC 10623, CCUG 4943, CIP 
103756, DSM 1896, JCM 5824, NCTC 11153. 

Sequence accession no. (16S rRNA gene): AB050108, L16484, 
X83952. 


Bacteroides plebeius Kitahara, Sakamoto, Ike, Sakata and 
Benno 2005, 2146” 


ple.bei'us. L. masc. adj. plebeius common, of low class. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Colonies grown on EG blood agar plates are 1-3 mm in 
diameter, disc-shaped, grayish-white, and translucent. The 
major fatty acids are C,. , anteiso, C}; iso 3-OH, C s 3-OH, 
Cis, O96, and Cso 

Source: feces of healthy humans. 

DNA G+C content (mol96): 42.4—43.9 (HPLC). 

Type strain: strain M12, DSM 17135, JCM 12978. 

Sequence accession no. (16S rRNA gene) AB200217- 
AB200222. 


15:0 17:0 16:0 


Bacteroides pyogenes Benno, Watabe and Mitsuoka 1983a, 
896V" (Effective publication: Benno, Watabe and Mitsuoka 
1983b, 402.) 


py.o'ge.nes. Gr. n. pyum pus; N.L. suff. -genes (from Gr. v. gen- 
naó to produce) producing; N.L. adj. pyogenes pus-producing. 

Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells occur singly or occasionally in pairs with longer rods. 
After 2 d of incubation on EG agar, surface colonies are 
0.5-1.5 mm in diameter, circular with entire edges, low con- 
vex, translucent to opaque, cream to light gray, shiny, and 
smooth. Usually, no hemolysis occurs on blood agar. Strains 
do not grow well in PYFG—20% bile broth. Some strains hy- 
drolyze esculin. 

Source: swine abscess and feces. 

DNA G+C content (mol % ): 46.1-47.6 (HPLC). 

Type strain: strain P 89-88, ATCC 35418, CCUG 15419, 
DSM 20611, JCM 6294. 

Sequence accession no. (16S rRNA gene): AB200229. 


Bacteroides salyersiae corrig. Song, Liu, McTeague and Fi- 
negold 2005b, 983V" (Effective publication: Song, Liu, Mc- 
Teague and Finegold 2004, 5569.) [ Bacteroides salyersae (sic) 
Song, Liu, McTeague and Finegold 2004, 5569] 


sal'yersi.ae. N.L. gen. fem. n. salyersiae of Salyers, named 
after Abigail Salyers, an American bacteriologist who has 
contributed so much to our knowledge of intestinal bacteri- 
ology and anaerobic bacteriology in general. 


Characteristics are as described for the genus and as 
given in Table 2, with the following additional character- 
istics. Cells occur singly, occasionally in pairs. Colonies on 
Brucella blood agar plates at 24 h are gray, circular, convex, 
entire, opaque, and attain a diameter of 1-2 mm. The ma- 
jor fatty acids are C,., anteiso, C, iso, Ciso 9-OH, Cigo and 
C şı @9c. Probably of intestinal origin. 

Source: clinical sources such as peritoneal fluid, appendix 
tissue, and intra-abdominal abscesses. 


20. 
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DNA G+C content (mol96): 42.0 (HPLC). 

Type strain: strain WAL 10018, ATCC BAA-997, CCUG 
48945. 

Sequence accession no. (16S rRNA gene): AY608696. 


Bacteroides stercoris Johnson, Moore and Moore 1986, 501V* 


ster'co.ris. L. n. stercus feces; L. gen. n. stercoris of feces, refer- 
ring to source of isolate. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells occur singly and in pairs. Vacuolated cells are seen 
sometimes in cultures in broths that contain a ferment- 
able carbohydrate. Surface colonies on supplemented BHI 
blood agar with rabbit blood are 0.5-1.0 mm in diameter, 
circular, entire, convex, transparent to translucent, shiny, 
smooth, and B-hemolytic. Resazurin is reduced, neutral red 
is not reduced. Pyruvate is converted to acetate. Lactate, 
threonine, and gluconate are not used. The major fatty ac- 
ids are C,., anteiso, C; iso, C,,,, iso 3-OH, and Cgo 

Source: human feces and occasionally human clinical 
specimens. 

DNA G+C content (mol96): 43-47 (HPLC). 

Type strain: ATCC 43183, CCUG 38733, CIP 104203, JCM 
9496, NCTC 13053, VPI B5-21. 

Sequence accession no. (16S rRNA gene): X83953, U50417. 

Additional remarks: previously referred to as the “subsp. a” 
DNA homology group (Johnson, 1978; Johnson and Ault, 
1978). 


Bacteroides suis Benno, Watabe and Mitsuoka 1983a, 896"? (Ef 
fective publication: Benno, Watabe and Mitsuoka 1983b, 403.) 


su'is. L. n. sus swine; L. gen. n. suis of the pig. 


Characteristics are as described for the genus and as 
given in Table 2, with the following additional character- 
istics. Cells are short rods, single or in pairs; longer rods 
occur only occasionally. After 2 d of incubation on EG agar, 
surface colonies are 0.5-1.5 mm in diameter, circular with 
entire edge, low convex, translucent to opaque, gray to 
gray-white, shiny, and smooth. Slight greening or indefinite 
hemolysis often apparent on blood agar plates. Either no 
growth or markedly inhibited and delayed growth occurs in 
PYFG broth containing 20% bile. 

Source: swine abscess and feces. 

DNA G+C content (mol96): 42.3-45.7 (HPLC). 

Type strain: P 38024, ATCC 35419, DSM 20612, CCUG 
15420, JCM 6292. 

Sequence accession no. (168 rRNA gene): DQ497991. 


Bacteroides tectus corrig. Love, Johnson, Jones, Bailey and 
Calverley 1986, 126%” [Bacteroides tectum (sic) Love, Johnson, 
Jones, Bailey and Calverley 1986, 126] 


tec’tus. L. masc. adj. tectus (from L. v. tego) secret, concealed, 
hidden, referring to difficulty in species identification. 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells occur singly, in pairs, and in short chains. On sheep 
blood agar, surface colonies after 48 h are 2-3 mm in diam- 
eter, circular, entire, dome shaped, grayish, and opaque. 

Source: subcutaneous fight wound abscesses from cats and 
dogs, pyothorax of cats, and mouths of normal cats. 
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DNA G+C content (mol % ): 47-48 (HPLC). 

Type strain: strain 160, ATCC 43331, CCUG 25929, JCM 
10003, NCTC 11853. 

Sequence accession no. (16S rRNA gene): AB200228. 


Bacteroides thetaiotaomicron (Distaso 1912) Castellani and 
Chalmers 1919, 960^% [Bacillus thetaiotaomicron Distaso 1912, 
444; Sphaerocillus thetaiotaomicron (Distaso 1912) Prévot 1938, 
300; Bacteroides fragilis subsp. thetaiotaomicron (Distaso 1912) 
Holdeman and Moore 1970, 35] 


the.ta.i.o.ta.o"mi.cron. N.L. n. thetaiotaomicron a combina- 
tion of the Greek letters theta, iota and omicron (relating to 
the morphology of vacuolated forms). 


Characteristics are as described for the genus and as 
given in Table 2, with the following additional characteris- 
tics. Cells are pleomorphic and occur singly or in pairs. Cells 
from blood agar plates or PY broth are smaller and more 
homogeneous in size and shape than cells from media with 
a fermentable carbohydrate. Capsules are present in some 
strains. Surface colonies on blood agar are punctiform, cir- 
cular, entire, convex, semiopaque, whitish, soft, and shiny. 
Sheep blood is not hemolyzed. Hemin is either required or 
is highly stimulatory for growth. The major fatty acids are 
C; anteiso, C,., iso 3-OH, C,., 09c and C,,, 3-OH. 

The genome of Bacteroides thetaiotaomicron VPI-5482 has 
been sequenced. The genome of Bacteroides fragilis NCTC 
9343! contains a single circular chromosome of 6,260,361 
bp. The genome has large expansions of many paralogous 
groups of genes that encode products essential to the or- 
ganism's ability to successfully compete in the human co- 
lonic microbiota. Most notable of these is the organism's 
abundant machinery for utilizing a large variety of com- 
plex polysaccharides as a source of carbon and energy. The 
proteome also reveals the organism's extensive ability to 
adapt and regulate expression of its genes in response to 
the changing ecosystem. These factors suggest a highly flex- 
ible and adaptable organism that is exquisitely equipped 
to dominate in its challenging and competitive niche (Xu 
et al., 2003). 

Source: human feces, frequently found in human clinical 
specimens. 

DNA G+C content (mol96): 40-43 (HPLC). 

Type strain: ATCC 29148, CCUG 10774, CIP 104206, DSM 
2079, JCM 5827, NCTC 10582, VPI 5482. 

Sequence accession no. (16S rRNA gene): M58763, AB050109, 
L16489; genome sequence for strain VPI 5482, NC 004663, 
AF015928. 


Bacteroides uniformis Eggerth and Gagnon 1933, 4004" 


u.ni.form'is. L. masc. adj. uniformis having only one form, 
uniform. 


25. 


Characteristics are as described for the genus and as 
given in Table 2, with the following additional character- 
istics. Cells occur singly or in pairs; an occasional filament 
may be seen. Vacuoles that do not greatly swell the cell are 
often present in cells grown in media containing a ferment- 
able carbohydrate. Surface colonies on blood agar are 
0.5-2.0 mm in diameter, circular, entire, low convex, gray- 
to-white, and translucent to slightly opaque. There usually 
is no hemolysis of blood agar, but some strains may produce 
a slight greening of the agar. The optimum temperature for 
growth is 35-37°C. Growth may occur at 25 or 45°C. The 
major fatty acids are C,,, anteiso, C... iso, C... iso 3-OH, 
and C, Strains of Bacteroides uniformis and Bacteroides 
thetaiotaomicron are very similar phenotypically, but they dif- 
fer in their DNA G4C content and are not related by DNA- 
DNA hybridization analysis. In general, strains of Bacteroides 
uniformis do not grow as well in 20% bile as strains of Bacte- 
roides thetaiotaomicron. 

Source: part of human and swine fecal flora; also isolated 
from various human clinical specimens. 

DNA G+C content (mol % ): 45-48 (HPLC). 

Type strain: ATCC 8492, CCUG 4942, CIP 103695, DSM 
6597, JCM 5828, NCTC 13054. 

Sequence accession no. (16S 


AB050110. 


rRNA gene) L16486, 


Bacteroides vulgatus Eggerth and Gagnon 1933, 401^ [ Pas- 
teurella vulgatus (Eggerth and Gagnon, 1933) Prévot 1938, 
292; Bacteroides fragilis subsp. vulgatus (Eggerth and Gagnon 
1933) Holdeman and Moore 1970, 35] 


vul.ga'tus. L. masc. adj. vulgatus common (referring to the 
frequent occurrence of the species in fecal flora). 


Characteristics are as described for the genus and as giv- 
en in Table 2, with the following additional characteristics. 
Cells may be pleomorphic with swellings or vacuoles, but less 
so than strains of Bacteroides fragilis. In broth cultures, cells 
usually occur singly, occasionally in pairs or short chains. 
Capsules are detected in some strains. Surface colonies on 
blood agar are 1-2 mm in diameter, circular, entire, convex, 
and semi-opaque. Sheep blood is not hemolyzed. Hemin is 
required or is highly stimulatory for growth. The major fatty 
acids are C,., anteiso, C,, iso, C., iso 3-OH, and Cgo 

Source: human feces, occasionally isolated from human 
infections. 

DNA G+C content (mol96): 409-42 (HPLC). 

Type strain: ATCC 8482, BCRC (formerly CCRC) 12903, 
CCUG 4940, CIP 103714, DSM 1447, IFO (now NBRC) 
14291, JCM 5826, LMG 7956, LMG 17767, NCTC 11154. 

Sequence accession no. (16S rRNA gene): AJ867050, 
AB050111. 


Species incertae sedis 


1. Bacteroides capillosus (Tissier 1908) Kelly 1957, 433^ [ Bacil- 


lus capillosus Tissier 1908, 193; Ristella capillosa (Tissier 1908) 
Prévot 1938, 292] 


ca.pil.lo’sus. L. masc. adj. capillosus very hairy. 


Comparative 16S rRNA gene sequence analysis dem- 
onstrates that Bacteroides capillosus is phylogenetically far 


removed from the genus Bacteroides and, in fact, has a closer 
affinity to clostridia in the Firmicutes and is closely related 
genealogically to the type strain of Clostridium orbiscindens in 
Clostridium cluster IV. 

Cells are straight or curved rods, 0.7-1.1 x 1.6-7.0 um, occur- 
ring singly, in pairs, or in short chains after 24 h incubation in 


GENUS |. BACTEROIDES 39 


glucose broth. Vacuoles, swellings, and filaments with tapered 2. Bacteroides cellulosolvens Murray, Sowden and Colvin 1984, 


ends are observed. Surface colonies are minute to 1 mm, 186" 

circular, entire, convex, translucent, and smooth. Growth of cell.u.lo.sol'vens. N.L. n. cellulosum cellulose; L. v. solvere to 
most strains is enhanced by hemin, rumen fluid, or Tween dissolve; N.L. part. adj. cellulosolvens cellulose dissolving, so 
80. Strains are generally nonfermentative unless Tween 80 is named because of its ability to ferment cellulosic substrates. 


added to the medium, in which case they may be slightly fer- 
mentative. Good growth occurs at 37 and 45*C, slight growth 
at 30°C, and no growth at 25°C. Other characteristics are given 
in Table 5. 

Source: cysts and wounds, human mouth, human infant 
and adult feces, intestinal tracts of dogs, mice, and termites, 
and sewage sludge. 

DNA G+C content (mol 96): 60 (HPLC). 

Type strain: ATCC 29799, CCUG 15402. 

Sequence accession no. (16S rRNA gene): AY136666. 


Comparative 16S rRNA gene sequence analysis has dem- 
onstrated that Bacteroides cellulosolvens is phylogenetically far 
removed from the genus Bacteroides and, in fact, has a closer 
affinity to the clostridia of the Firmicutes and is closely related 
genealogically to the type strain of Acetivibrio cellulolyticus in 
Clostridium cluster III (Lin et al., 1994). 

Cells are straight, rod-shaped, approximately 0.8 x 6 um, and 
occur singly. They are nonmotile and no flagella are detected 
by staining or electron microscopy. Non-spore-forming. Bright 


TABLE 5. Characteristics of misplaced Bacteroides species*” 


" 3 " $ i » 
à Š " š i š š š 
= $ š š $ & = = 
š = Š š š À š š 
£ E š E E = 3 E 
Š Š Š S5 a a > = 
ES! Sa) ES! iss] iss] ES! ES! iss] 
Characteristic = N os = 15 © rl oó 
Growth in 2096 bile - - nr + + nr + nr 
Esculin hydrolyzed + nr = = =: + + nr 
Indole produced = = + nr nr + + nr 
Nitrate reduced - - - nr nr - - nr 
Catalase produced nr = nr = = = nr nr 
Starch hydrolyzed = = nr = nr + = nr 
Gelatin digested w = + = + = d nr 
Acid produced from: 
Arabinose _ _ _ _ _ + + + 
Cellobiose _ _ _ _ _ + _ + 
Xylan _ - E x - nr nr + 
Sorbitol _ _ _ nr nr nr nr nr 
Fructose _ _ _ d _ + nr 
Glucose w _ _ _ _ + + + 
Glycogen B - = nr nr + = nr 
Inositol _ _ _ nr nr _ _ nr 
Lactose _ _ _ _ _ + + nr 
Maltose _ _ _ _ _ + _ nr 
Mannitol _ _ _ nr nr + - nr 
Mannose - - _ _ _ + + + 
Melezitose _ _ _ nr nr + _ nr 
Melibiose _ _ _ nr nr + d nr 
Raffinose - - - nr nr + _ nr 
Rhamnose _ - - - - + _ nr 
Ribose _ _ _ _ _ + _ nr 
Salicin _ - - nr nr + _ nr 
Sucrose _ _ _ _ _ _ _ nr 
Trehalose - - - nr nr + _ nr 
Xylose = ka _ z = + - * 
Fermentation products‘ s, a (l, f, p) H,, CO, a, a (f, s, 1) A, F A, F (1) H,, CO,, S, A, P H,, CO,, 
ethanol, 1 (l, ethanol)* ethanol, a (b) (b, ib, iv, 1) ethanol, a 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; w, weak reaction; nr, not reported. Fermentation products: 
A, acetic acid; B, butyric acid; F, formic acid; ib, isobutyric acid; iv, isobutyric acid; l, lactic acid; p, propionic acid; S, succinic acid. Upper-case letters indicate >l 
meq/100 ml of broth; lower-case letters, «1 meq/100 ml; products in parentheses may or may not be detected. 

” Bacteroides ureolyticus is not included because it was described under the genus Campylobacter in Bergey's Manual of Systematic Bacteriology, 2nd edition, vol. 2, part C. 
‘End products from glucose fermentation unless indicated. 

"End products from cellobiose fermentation. 

"End products from polygalacturonate or pectin. 
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yellow, circular, convex colonies with rough margins are pro- 
duced on cellobiose agar. Colonies reach a maximum diam- 
eter of 1.0-1.25 mm after 5 d of growth at 35°C. On Solka Floc 
agar, colonies reach their maximum size after 10 d of growth 
and show zones of cellulose clearing around the periphery 
of the colonies and in the agar below. Anaerobic medium is 
required for growth. Of the substrates tested, only cellulose 
and cellobiose support growth. The addition of bile (2% 
oxgall) to cellobiose broth inhibits growth, whereas Tween 80, 
hemin, and vitamins B,, and K, have no effect. Other charac- 
teristics are given in Table 5. 

Source: sewage sludge (type strain). 

DNA G+C content (mol96): 43 (HPLC). 

Type strain: WM2, ATCC 35603, DSM 2933, NRCC 2944. 

Sequence accession no. (16S rRNA gene): L35517. 


. Bacteroides coagulans Eggerth and Gagnon 1933, 409^. 


[Pasteurella coagulans (Eggerth and Gagnon 1933) Prévot 
1938, 292] 


co.a'gu.ans. L. part. adj. coagulans curdling, coagulating 
(milk). 

Cells of the type strain are small ovoid rods, 0.6 x 0.8-2.0 
um, occurring singly, in pairs, or in short chains. Surface 
colonies on horse blood agar are punctate, circular, entire, 
slightly raised, translucent, and nonhemolytic. Glucose 
broth cultures are only slightly turbid; no acid is produced. 
Growth is inhibited by Tween 80. Grows poorly, if at all, at 25 
and 45°C; does not grow at pH 8.5. Other characteristics are 
given in Table 5. 

Source: human feces, urogenital tract, and occasionally 
from human clinical specimens. 

DNA G+C content (mol % ): 37 (HPLC). 

Type strain: ATCC 29798, DSM 20705, JCM 12528, LMG 
8206. 

Sequence accession no. (16S rRNA gene): DQ497990. 


. Bacteroides galacturonicus Jensen and Canale-Parola 1987, 


179%” (Effective publication: Jensen and Canale-Parola 1986, 
886.) 


ga.lac.tu.ro'ni.cus. N.L. n. acidum galacturonicum galacturonic 
acid; L. masc. suff. -icus suffix of various meanings, but signi- 
fying in general made of or belonging to; N.L. masc. adj. 
galacturonicus pertaining to galacturonate, with reference to 
the ability to ferment this compound or polygalacturonate. 


Cells grown in broth containing polygalacturonate as the 
fermentable substrate (PF broth; Jensen and Canale-Parola, 
1986) are rod-shaped, 0.6 x 8.5-6 um, arranged singly or in 
pairs, and rarely in short chains. Cells up to 12 um in length 
are present in cultures. Non-spore-forming, Gram-stain-neg- 
ative. Six to eight peritrichous flagella per cell are present; 
however, motility has not been observed under the culture 
conditions used. Surface colonies on PF agar are white with 
a tan tinge, irregularly shaped with uneven margins, flat, 
opaque, rough, and measure 4—5 mm in diameter. Optimal 
growth is between 35 and 40C, with no growth at 20 or 45C. 
Obligate anaerobe. Pectin, polygalacturonate, p-galactur- 
onate, and p-glucuronate are fermented. Folic acid, pantoth- 
enic acid, and biotin are required as growth factors. Neither 
hemin nor vitamin K is required for growth. Other charac- 
teristics are given in Table 5. 


Source: human feces. 
DNA G+C content (mol96): 36 (T). 


Type strain: strain N6, ATCC 43244, DSM 3978. 
Sequence accession no. (16S rRNA gene): DQ497994. 


5. Bacteroides pectinophilus Jensen and Canale-Parola 1987, 


179Y* (Effective publication: Jensen and Canale-Parola 1986, 
886.) 


pec.ti.no'phil.us. N.L. n. pectinum pectin; Gr. adj. philos lov- 
ing; N.L. masc. adj. philus loving; N.L. masc. adj. pectinophilus 
pectin-loving. 

Cells grown in PF broth are rod-shaped, 0.5 x 2.5-5.0 
um, arranged singly or in pairs, and rarely in short chains. 
Non-spore-forming, Gram-stain-negative, nonmotile. Sur- 
face colonies on PF agar are cream, circular, flat, opaque, 
smooth, and measure 2-3 mm in diameter. Optimal growth 
is between 35 and 40°C, with no growth at 20 or 45*C. Obli- 
gate anaerobe. Pectin, polygalacturonate, D-galacturonate, 
and p-glucuronate are fermented. Other characteristics are 
given in Table 5. 

Source: human feces. 

DNA G+C content (mol % ): 45 (T). 

Type strain: strain N3, ATCC 43243. 

Sequence accession no. (16S rRNA gene): DQ497993. 


. Bacteroides polypragmatus Patel and Breuil 1982, 266%” 


(Effective publication: Patel and Breuil 1981, 292.) 
po.ly.prag’ma.tus. Gr. polypragmátos busy about many things; 
N.L. masc. adj. polypragmatus versatile, reflecting its activity 
on many carbohydrates. 


Cells from Syt broth (Patel and Breuil, 1981) are 0.5-1.0 
x 8-5 pm and have pointed ends. Most of the cells are single 
or in pairs and a few longer chains (50 pm) are also present. 
Young cells (18 h) exhibit motility and electron microscopic 
observation indicates the presence of peritrichous flagella. 
Staining cells with aqueous nigrosin dye demonstrates the 
presence of capsular material. Surface colonies are glis- 
tening, cream, have serrated margins, and are 2-3 mm in 
diameter after 1 week of incubation. Saccharoclastic. Grows 
between pH 5.6 and 9.2 and at temperatures ranging from 10 
to 43°C. Optimum growth is at pH 7.0-7.8 and 30-35°C. The 
presence of vitamin K, hemin, or Tween 80 does not affect 
growth. Tests for acetylmethylcarbinol, ammonia, nitrate 
reduction, and digestion of gelatin, milk and meat are nega- 
tive. Major fermentation products are CO,, H,, ethanol, and 
acetic acid. Other characteristics are given in Table 5. 

Source: sewage sludge. 

DNA G+C content (mol 96): 61 (T.). 

Type strain: strain GP4, NRC 2288. 

Sequence accession no. (16S rRNA gene): none available. 


. Bacteroides splanchnicus Werner, Rintelen and Kunstek- 


Santos 1975, 1334" 


splanch'ni.cus. Gr. pl. n. splanchna the “innards”; L. masc. 
suff. -icus, suffix used with the sense of pertaining to; N.L. 
masc. adj. splanchnicus pertaining to the internal organs 
(referring to the source of isolation). 

Phylogenetic analysis of Bacteroides splanchnicus based 
on 16S rRNA gene sequences indicates that Bacteroides 
splanchnicus branches off separately from the three major 
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clusters mentioned previously, but belongs within the Bacte- 
roides subgroup of the CFB phylum (Paster et al., 1994). It 
most likely represents a novel genus. 

Cells from glucose broth are 0.7 x 1.0-5.0 um. Colonies 
on anaerobic blood agar are punctiform to 1 mm in diam- 
eter, circular to slightly irregular, entire, convex, translucent, 
opalescent to yellowish, smooth, and shiny. Hemin is highly 
stimulatory, but not required. Without hemin, malate, ace- 
tate, and hydrogen are produced; with hemin, succinate, 
acetate, butyrate, and decreased amounts of hydrogen are 
produced. The presence of vitamin B,, results in propionate 
production from succinate and decreased butyrate produc- 
tion. Cells contain sphingolipids. Other characteristics are 
given in Table 5. 

Source: human feces and vagina and occasionally from 
intra-abdominal infections. 

DNA G+C content (mol % ): not reported. 

Type strain: ATCC 29572, CCUG 21054, CIP 104287, DSM 
20712, LMG 8202, NCTC 10825. 

Sequence accession no. (16S rRNA gene): L16496. 


8. Bacteroides xylanolyticus Scholten-Koerselman, Houwaard, 
Janssen and Zehnder 1988, 136%” (Effective publication: Schol- 
ten-Koerselman, Houwaard, Janssen and Zehnder 1986, 543.) 


xy.an.o.lyt'i.cus. N.L. neut. n. xylanum xylan; Gr. masc. adj. 
lutikos able to loose, able to dissolve; N.L. masc. adj. xylanolyti- 
cus xylan-dissolving. 


An anaerobic non-spore-forming, Gram-stain-negative 
rod that is motile with peritrichous flagella. This organism 
ferments xylan and many soluble sugars (glucose, cellobiose, 
mannose, xylose, and arabinose). Other hemicelluloses such 
as gum xanthan, laminaran, locust bean gum, and gum ara- 
bic are not utilized. Does not use cellulose. Fermentation 
products are carbon dioxide, hydrogen, acetate, and etha- 
nol. Produces carboxymethyl cellulase and xylanase, espe- 
cially when growing on xylan. Growth is optimal between 25 
and 40*C and between pH 6.5 and 7.5. 

DNA G+C content (mol96): 34.8 + 0.8 (UV absorbance-tem- 
perature profile). 

Type strain: strain X5-1, DSM 3808. 

Sequence accession no. (16S rRNA gene): none available. 


Genus Il. Acetofilamentum Dietrich, Weiss, Fiedler and Winter 1989, 93 vP 
(Effective publication: Dietrich, Weiss, Fiedler and Winter 1988b, 273.) 


THE EprroniAL BoARD 


A.ce'to.fil.a.men'tum. L. n. acetum vinegar; L. neut. n. filamentum a spun thread; N.L. neut. n. Acetofilamen- 
tum an acetate-producing, filamentous, threadlike bacterium. 


Straight rods. Single cells are 0.18—0.3 [um x 2-8 um. Filaments 
of more than 100 um in length may be formed. Gram-stain- 
negative. Nonsporeforming. Nonmotile. Temperature range, 
25-40°C; optimum, 35-38'C. pH range, 6.5-9.0; optimum, 
7.3-8.0. Yeast extract is required. Chemo-organotrophic. 
Anaerobic, having a strictly fermentative type of metabolism. 
Hexoses are fermented by glycolysis to acetate and H, (in a 
molar ratio of 1:2) and CO,. Isolated from sewage sludge fer- 
menters. 

DNA G+C content (mol96): ^47 (T). 

Type species: Acetofilamentum rigidum Dietrich, Weiss, Fiedler 
and Winter 1989, 93°? (Effective publication: Dietrich, Weiss, 
Fiedler and Winter 1988b, 273.). 


Further descriptive information 


The straight, stiff filaments return to the straight form after 
being bent. In the filaments, a spacerlike septum is formed, 
reminiscent of the spacers found in the filaments of Metha- 
nobacterum hungatei. 

The cell-wall peptidoglycan contains ornithine as the diamino 
acid, unlike most other Gram-stain-negative bacteria, which 
usually contain diaminopimelic acid. A glycine bridge occurs 
between the ornithine on one peptide chain and the p-alanine 
on another. The peptidoglycan structure may be a variation of 
the A3 type described by Schleifer and Kandler (1972). 

Small, round, whitish to transparent colonies with a smooth 
surface are formed on agar media. 

H, and acetate production is directly proportional to the 
concentration of yeast extract present, up to 0.4%. Increasing 
H, partial pressures inhibit growth, but elevated acetate con- 
centrations do not affect growth. 


Carbon sources include glucose, fructose, galactose, ribose, 
arginine, and alanine. Scant growth occurs on glycine. The fol- 
lowing carbon sources are not used: cellulose, starch, glycogen, 
maltose, sucrose, mannose, xylose, mannitol, glutamate, glyc- 
erol, formate, methanol, and phenol. 


Enrichment and isolation procedures 


For isolation, serially diluted samples of secondary sewage sludge 
are inoculated onto solidified Medium 1* supplemented with 10% 
raw sewage sludge supernatant fluid (sterilized by filtration) and 
incubated under N,/CO, (80:20%, 300 kPa) at 37°C. Colonies of 
other organisms appear after 2 weeks, but colonies of Acetofilamen- 
tum rigidum have a diameter <1 mm and develop after 4 weeks of 
incubation. When subcultured into serum bottles containing liq- 
uid Medium 1, the organisms form a cotton-like growth at the bot- 
tom after 6 weeks. Pure cultures of these filamentous organisms 
are obtained by repeated streaking onto solidified Medium 1. 

Substrate specificity is tested by omitting glucose from 
Medium 1 and adding other potential carbon sources from 
sterile stock solutions. 


* Medium 1 (Dietrich etal., 1988b) consists of the following ingredients (g/1): K,HPO ,, 
0.255; KH,PO,, 0.255; (NH,),SO,, 0.255; NaCl, 0.5; MgSO,-7H,O, 0.1; CaCl,-2H,O, 
0.07; yeast extract, 2; peptone, 2; glucose, 2; FeSO,-7H,O, 0.002; NaHCO,, 6; vitamin 
solution (Wolin et al., 1963), 10 ml; trace mineral solution (Wolin et al., 1963), 10 ml. 
After boiling under N,, 0.1 mg resazurin and 50 ml of a reducing agent (containing 2 
g NaOH, 0.62 g Na,S-9H,O, and 0.62 g cysteine-HCIl) are added per liter of medium. 
The media are dispensed in 10- or 20-ml portions into 25-ml serum tubes or 120-ml 
serum bottles in an anaerobic chamber, sealed with a butyl rubber stopper and alu- 
minum cap, gassed with 300 kPa N,/CO, (80:20%), H,/CO, (80:20%), or with N,, 
and autoclaved. A solidified medium 1 is obtained by addition of agar (20 g/1); the 
medium is dispensed into Petri dishes in an anaerobic chamber. 
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Taxonomic comments 


The taxonomic placement of Acetofilamentum as a member of 
the family Bacteroidaceae is uncertain because of the lack of 
rRNA gene sequence data. 
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Differentiation of the genus Acetofilamentum 

from other genera 

Characteristics differentiating the genus Acetofilamentum from 
other genera are listed in Table 6. 


TABLE 6. Characteristics differentiating the genus Acetofilamentum from other genera" 


Characteristic Acetofilamentum Acetomicrobium Acetothermus Acetivibrio 
Shape of single cells Straight tapered rods — Straight tapered rods Straight rods Curved rods 
Long filaments formed * - > ú 
Peptidoglycan contains ornithine + - + nr 
Dimensions of single cells (um): 
Width 0.18-0.3 0.6-0.8 0.5 0.4-0.8 
Length 2-8 2.0-7.0 5.0-8.0 4.0-10.0 
Motility u + - + 
Flagellar arrangement - Single subpolar or 1 or - Single attached one-third of the way 
2 lateral along the concave side, or by a bundle 
attached linearly on the concave side 
Optimum temperature (^C) 35-38 58-73 58 35 
Ethanol formed from glucose = D = + 
Substrates fermented: 
Cellulose _ nr _ D 
Galactose + nr - D 
Glucose * + + D 
Glycogen = x D nr 
Maltose = + _ D 
Mannitol _ _ - D 
Mannose _ nr = D 
Ribose + D - - 
Starch _ D - nr 
Sucrose - D B - 
Xylose - D B = 
Glycerol nr D nr nr 
DNA G+C content (mol%) 47 45-47 62 37-44 
“Symbols: +, >85% positive; —, 0-15% positive; D, different reactions occur in different taxa (species of genus or genera of a family); w, weak reaction; nr, not 


reported. 
*Except in the absence of Vitamin B 


12? 


when filaments up to 50 um long may be formed. 


List of species of the genus Acetofilamentum 


1. Acetofilamentum rigidum Dietrich, Weiss, Fiedler and Win- 
ter 1989, 93"? (Effective publication: Dietrich, Weiss, Fiedler 
and Winter 1988b, 273.) 


ri'gi.dum. L. neut. adj. rigidum stiff. 


The characteristics are as described for the genus and as 
listed in Table 6. 

DNA G+C content (mol96): 47 (T). 

Type strain: MN, DSM 20769. 


Genus III. Acetomicrobium Soutschek, Winter, Schindler and Kandler 1985, 223"? 
(Effective publication: Soutschek, Winter, Schindler and Kandler 1984, 388.) 


THE EprroniAL BoARD 


A.ce'to.mi.cro'bi.um. L. n. acetum vinegar; Gr. adj. mikros small; Gr. n. bios life; N.L. neut. n. microbium a 
small living being, a microbe; N.L. neut. n. Acetomicrobium a microorganism producing acetic acid. 


Straight tapered rods, 0.6-0.8 x 2-7 um, occurring mostly in 
pairs or short chains. Gram-stain-negative. Nonsporeforming. 
The murein contains meso-diaminopimelic acid. Motile by 
means of a single subpolar flagellum or a few lateral fla- 
gella. Optimum temperature, 58—73°C. pH range for growth, 
6.2-8.0. Catalase-negative. Cytochromes are not present. 
Chemoorganotrophic. Anaerobic, having a strictly fermen- 
tative type of metabolism. One species ferments glucose to 


acetate, CO,, and H,; the other ferments glucose to acetate, 
lactate, ethanol, CO,, and H,. One species ferments pentoses. 
Good growth depends on the presence of yeast extract or 
peptone and carbohydrate. Isolated from sewage sludge. 

DNA G+C content (mol96): 45-47. 

Type species: Acetomicrobium flavidum Soutschek, Winter, 
Schindler and Kandler 1985, 223V" (Effective publication: Sout- 
schek, Winter, Schindler and Kandler 1984, 388.). 
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Further descriptive information 


Colonies on solidified RCM medium* are 3-4 mm in diameter, 
convex, smooth, yellowish, circular, with an entire margin. 

The peptidoglycan contains meso-diaminopimelic acid and is 
of the m-A,mp direct type, variation Aly, as designated by the 
nomenclature of Schleifer and Kandler (1972). 

Acetomicrobium flavidum ferments glucose by glycolysis to ace- 
tate, CO,, and H, in a 1:1:2 ratio. No ethanol is formed. Acetomi- 
crobium faecale ferments glucose by glycolysis to acetate, lactate, 
ethanol, CO,, and H, 

Small amounts of volatile acids, e.g., propionic acid, are only 
formed from complex substrates, e.g., yeast extract and peptone. 


Enrichment and isolation procedures 


Acetomicrobium flavidum was isolated from sludge samples 
that were diluted anaerobically in growth vials containing 
10 ml of RCM. The diluted samples were streaked onto RCA 
plates in the anaerobic chamber and incubated anaerobi- 
cally. After repeated plating, single colonies were transferred 
into Medium 1. Cultures were incubated without shaking at 
58°C. 

For isolation of Acetomicrobium faecale, 400 ml of mesophili- 
cally digested sewage sludge and 50 ml of fresh sewage sludge 
were incubated at 72°C. Then 50 ml portions of digested sludge 
were replaced daily for 10 d by fresh sewage sludge. The sludge 


addition was later replaced by the continuous addition of sterile 
culture medium! containing 5 g/l glucose. After 4 weeks of con- 
tinuous operation, samples were plated and, after incubation, 
single colonies were picked from the agar plates in an anaero- 
bic chamber. 


Taxonomic comments 


No significant DNA-DNA hybridization occurs between Acetomi- 
crobium and Acetothermus (Dietrich et al., 1988c). Acetomicrobium 
faecale exhibits a DNA-DNA hybridization value of 64% with 
Acetomicrobium flavidum, indicating that the two species belong 
in the same genus (Dietrich et al., 1988c) 

The taxonomic placement of Acetomicrobium as a member of 
the family Bacteroidaceae is not certain because of the lack of 
rRNA gene sequence data. 


Differentiation of the genus Acetomicrobium 
from other genera 


Characteristics differentiating Acetomicrobium from — Acetofila- 
mentum, Acetothermus, and Acetivibrio are listed in Table 6 in the 
chapter on Acetofilamentum. 


Differentiation of species of the genus 
Acetomicrobium 


Table 7 lists the differential features of the species of Acetomicrobium. 


List of species of the genus Acetomicrobium 


1. Acetomicrobium flavidum Soutschek, Winter, Schindler and 
Kandler 1985, 223%" (Effective publication: Soutschek, Win- 
ter, Schindler and Kandler 1984, 388.) 


fla'vi.dum. L. neut. adj. flavidum yellowish. 


The characteristics are as described for the genus and as 
listed in Table 7. Glucose, fructose, maltose, cellobiose, glycerol, 
and starch are fermented. Sucrose, melibiose, mannose, ribose, 
arabinose, xylose, sorbitol, and mannitol are not fermented. 

Source: a thermophilic (60°C) sewage sludge fermentor. 

DNA G+C content (mol % ): 47 (T ). 


m 


Type strain: TN, ATCC 43122, DSM 20664, LMG 6941. 


Sequence accession no.: not reported. 


2. Acetomicrobium faecale corrig. Winter, Braun and Zabel 1988, 
136"" (Effective publication: Winter, Braun and Zabel 1987, 75.) 


fae.ca'le. L. n. faex faecis dregs, faeces; L. neut. suff. -ale suffix 
denoting pertaining to; N.L. neut. adj. faecale pertaining to 


*RCM medium contains the following ingredients (g/l of distilled water): yeast 
extract, 3; meat extract, 10; peptone from casein, 10; sodium acetate, 3; NaCl, 5; 
glucose, 5; starch, 1; resazurin, 0.001; cysteine-HCI, 0.25; sodium sulfide, 0.25; and 
NaOH, 0.66. Agar (20 g) was added for a solid medium. For primary isolation, the 
supernatant solution of centrifuged digested sludge is used instead of distilled water 
to prepare the medium. The final pH is adjusted to 7 under an N, atmosphere. 

* Medium 1 contains (per liter of distilled water): K,HPO,, 0.255 g; KH,PO,, 0.255 
g; (NH,),SO,, 0.255 g; NaCl, 0.5 g; MgSO,-7H,O, 0.1 g; CaCl,-2H,O, 0.07 g; yeast 
extract, 10 g; FeSO,-7H,O, 1 mg; resazurin, 0.5 mg; NaHCO,, 6 g; cysteine-HCl, 
0.625 g; Na,S-9H,O, 0.625 g; glucose, 0.15 g; vitamin solution (Wolin et al., 1963), 
10 ml; and mineral solution (Wolin et al., 1963), 10 ml. 


faeces, fecal. (Note: the original specific epithet faecalis was 
corrected to faecale by Euzéby (1998).) 


The characteristics are as described for the genus and 
as listed in Table 7. Motile by means of 1 or 2 lateral fla- 
gella. Growth occurs best at temperatures 70—73*C and at 
a pH of 6.5-7.0. Colonies are whitish to translucent, 1-2 mm 
in diameter, convex, and round with an entire edge. Yeast 
extract is required for growth. Increasing the NaCl concen- 
tration from 0 to 396 causes a decrease in growth; no growth 
occurs with 4% NaCl. Unlike Acetomicrobium flavidum, Aceto- 
microbium faecale ferments pentoses. Carbohydrates used for 
growth include arabinose, xylose, ribose, fructose, glucose, 
galactose, mannose, maltose, rhamnose, sucrose, lactose, 
cellobiose, melibiose, and salicin. Sorbitol, starch, xylan, 
mannitol, glycogen, glycerol, and cellulose are not used. 

Source: a thermophilic (70*C) continuous culture initially 
inoculated with sewage sludge. 

DNA G«C content (mol % ): 45 (T). 

Type strain: DSM 20678. 

Sequence accession no.: not reported. 


tMedium for isolation of Acetomicrobium faecale contained (per liter): K,HPO, 
0.255 g; KH,PO,, 0.255 g; (NH,),SO,, 0.255 g; NaCl, 0.5 g; MgSO,-7H,O, 0.1 
g CaCl,-2H,O, 0.07 g; yeast extract, 2 g; trypticase, 2 g; sodium acetate, 5 g; 
FeSO,-7H,O, 2 mg; vitamin solution (Wolin et al., 1963), 10 ml; trace mineral 
solution (Wolin et al., 1963), 10 ml; and NaHCO,, 6 g. After boiling under nitro- 
gen, 0.1 mg resazurin and 50 ml of reducing agent containing 2 g NaOH, 0.62 
g Na,S-9H,O, and 0.62 g cysteine-HCl were added. The reduced medium was 
dispensed and autoclaved under anaerobic conditions. 
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TABLE 7. Characteristics differentiating species of the genus Acetomicrobium* 


Characteristic A. faecale A. flavidum 
Source Sewage sludge incubated at 72°C Sewage sludge incubated at 60°C 
Morphology: 


Cell width (um) 

Cell length (um) 

Flagellar arrangement 
Optimum temperature (°C) 
Temperature range (°C) 
Yellow pigmented colonies 
Fermentation of arabinose, ribose, xylose 
End products from glucose fermentation 


Acetate, lactate, ethanol, CO,, H, 


0.6 0.8 
3-7 2-3 
1-2 subpolar Single polar, or a few lateral 
70-73 58 
60-75 35-65 
- * 
+ = 


Acetate, CO,, H, 


“Symbols: +, >85% positive; —, 0-15% positive. 


Genus IV. Acetothermus Dietrich, Weiss and Winter 1988a, 328° 
(Effective publication: Dietrich, Weiss and Winter 1988c, 179.) 


THE EpiroRIAL BOARD 


A.ce'to.ther'mus. L.n. acetum vinegar; Gr. adj. thermos hot; N.L. masc. n. Acetothermus a thermophilic 


microorganism producing acetic acid. 


Straight rods 0.5 x 5-8 um, occurring singly or in pairs. Gram- 
stain-negative. Nonsporeforming. Nonmotile. 

Chemoorganotrophic. Anaerobic, having a strictly fermen- 
tative type of metabolism. Optimum temperature, 58°C; no 
growth occurs below 50°C or above 60°C. Optimum pH, 7-8. 
Yeast extract, peptone, and vitamin B,, are required. Only glu- 
cose and fructose are used as energy sources. Glucose is fer- 
mented by glycolysis to acetate, CO,, and H, in a molar ratio 
of 1:1:2. Increasing H, partial pressures inhibit growth, but 
elevated acetate concentrations do not affect growth. Isolated 
from thermophilically fermenting sewage sludge. 

DNA G+ C content (mol % ): ~62. 

Type species: Acetothermus paucivorans Dietrich, Weiss and 
Winter 1988a, 328"* (Effective publication: Dietrich, Weiss and 
Winter 1988c, 179.). 


Further descriptive information 


In the absence of vitamin B,, the organisms form long filaments 
0.5 um in diameter and up to 50 um long. Optimal growth occurs 
in a medium containing 0.296 yeast extract and 0.276 peptone. 
Growth is directly proportional to the concentration of vitamin 
B,, up to 1 ug/l. NaCl is not required; >1 g/l is inhibitory. 

The cell-wall peptidoglycan contains ornithine as the 
diamino acid, unlike most other Gram-stain-negative bacteria, 
which usually contain diaminopimelic acid as the diamino acid. 
The peptidoglycan structure corresponds to the directly cross- 
linked A1B type described by Schleifer and Kandler (1972). 


Glucose and fructose are used as energy sources. The follow- 
ing carbon sources are not used: arabinose, mannose, ribose, 
xylose, galactose, mannitol, sorbitol, sucrose, maltose, lactose, 
melibiose, raffinose, starch, cellulose, glycerol, Casamino acids, 
meat extract, glycogen, pyruvate, glycine, alanine, glutamate, 
formate, and methanol. 


Enrichment and isolation procedures 


Enrichment and isolation procedures from sewage sludge digest- 
ing at 60°C were done using the medium described for isolation 
of Acetomicrobium faecale (see footnote in the chapter on Acetomi- 
crobium for formula) modified by the omission of acetate. 


Taxonomic comments 


No significant DNA-DNA hybridization occurs between Aceto- 
thermus and. Acetomicrobium (Dietrich et al., 1988c). The taxo- 
nomic placement of Acetothermus as a member of the family 
Bacteroidaceae is not certain because of the lack of rRNA gene 
sequence data. 


Differentiation of the genus Acetothermus 
from other genera 


Characteristics differentiating Acetothermus from Acetofilamen- 
tum, Acetivibrio, and Acetomicrobium are listed in Table 6 in the 
chapter on Acetofilamentum. 


List of species of the genus Acetothermus 


1. Acetothermus paucivorans Dietrich, Weiss and Winter 1988a, 
328." (Effective publication: Dietrich, Weiss and Winter 
1988c, 179.) 


pau.ci.vo'rans. L. masc. adj. paucus few, little; L. v. vorare to 
eat, swallow; L. part. adj. vorans eating, swallowing; N.L. part. 
adj. paucivorans utilizing only a very restricted number of the 
supplied substrates. 


The characteristics are as described for the genus. 

Source: thermophilically fermenting sewage sludge. 

DNA G+C content (mol96): 62 (T). 

Type strain: TN, DSM 20768. (Note: this strain is no longer 
listed in the DSMZ catalog.) 


Sequence accession no.: not reported. 
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Genus V. Anaerorhabdus Shah and Collins 1986, 573"? (Effective publication: Shah and Collins 1986, 86.) 


Haroun N. SHAH 


An.ae.ro.rhab'dus. Gr. pref. an not; Gr. n. aer air: anaero (not living) in air; Gr. fem. n. rhabdos rod; 
N.L. fem. n. Anaerohabdus rod-shaped bacterium not living in air. 


Short rods. Nonspore-forming. Nonmotile. Gram-negative. 
Anaerobic. Nonsaccharolytic, although a few carbohydrates 
may be fermented weakly. Acetic and lactic acids are the major 
metabolic end products in peptone-yeast extract-glucose broth 
(PYG). Glucose-6-phosphate dehydrogenase is produced, but 
6-phosphogluconate dehydrogenase, malate dehydrogenase, 
and glutamate dehydrogenase are absent. Sphingolipids and 
menaquinones are not produced. The nonhydroxylated long- 
chain fatty acids are primarily of the straight-chain saturated 
and monounsaturated types. Methyl branched fatty acids 
are either absent or present in small amounts. Isolated from 
infected appendix, lung abscesses, and abdominal abscesses. 
Infrequently isolated from human and pig feces. 

DNA G+C content (mol 96): 34. 

Type species: Anaerorhabdus furcosa (Veillon and Zuber 
1898) Shah and Collins 1986, 573%” [Effective publication: 
Anaerorhabdus furcosus (sic) (Veillon and Zuber 1898) Shah 
and Collins 1986, 86.] [Bacillus furcosus Veillon and Zuber 
1898, 541; Fusiformis furcosus (Veillon and Zuber 1898) Topley 
and Wilson 1929, 302; Bacteroides furcosus (Veillon and Zuber 
1898) Hauduroy, Ehringer, Urbain, Guillot and Magrou 1937, 
61“; Ristella furcosa (Veillon and Zuber 1898) Prévot 1938, 
291]. 


Enrichment and isolation procedures 


Anaerorhabdus isolates grow on blood agar producing small col- 
onies (0.5 mm in diameter) but is improved by culturing on 
fastidious anaerobic agar. Growth is improved by the addition 
of rumen fluid. 


Differentiation of the genus Anaerorhabdus 
from other genera 


Anaerorhabdus differs from Bacteroides fragilis and related spe- 
cies in having a significantly lower DNA base composition, in 
being nonfermentative or weakly fermentative, and in lacking 
6-phosphogluconate dehydrogenase, malate dehydrogenase, 
and glutamate dehydrogenase. Anaerorhabdus primarily synthe- 
sizes fatty acids of the straight-chain saturated and monoun- 
saturated type, and methyl-branched acids are present in only 
small amounts. In contrast, the fatty acids of Bacteroides fragilis 
and related species are mainly of the straight-chain saturated, 
anteiso-, and isomethyl branched chain types, with monoun- 
saturated acids either absent or present in only trace amounts. 
Moreover, Anaerorhabdus lacks menaquinones and sphingolip- 
ids, whereas Bacteroides fragilis and related species synthesize 
menaquinones and sphingolipids. 


List of species of the genus Anaerorhabdus 


1. Anaerorhabdus furcosa (Veillon and Zuber 1898) Shah and 
Collins 1986, 573 [Effective publication: Anaerorhabdus fur- 
cosus (sic) (Veillon and Zuber 1898) Shah and Collins 1986, 
86.] [Bacillus furcosus Veillon and Zuber 1898, 541; Fusiformis 
furcosus (Veillon and Zuber 1898) Topley and Wilson 1929, 
302; Bacteroides furcosus (Veillon and Zuber 1898) Hauduroy, 
Ehringer, Urbain, Guillot and Magrou 1937, 61^, Ristella 
furcosa (Veillon and Zuber 1898) Prévot 1938, 291]. 


fur.co'sa. L. fem. adj. furcosaforked (pertaining to cell shape). 
(Note: the original epithet furcosus was corrected by Euzéby 
and Boemare, 2000.) 


The description is the one given for the genus, plus the 
following additional features. Pleomorphic rods, 0.3-1.5 x 
1-3 um, occurring singly in pairs, or short chains. Some 
cells appear to be forked or Y-shaped. Colonies on blood 
agar are 0.5 mm in diameter, circular, entire, low convex, 
translucent, colorless to gray, smooth, and shiny. Glucose 
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Family Il. Marinilabiliaceae fam. nov. 


WOLFGANG LUDWIG, JEAN EUZÉBY AND WILLIAM B. WHITMAN 


Ma.ri.ni.la.bi.li.a.ce'ae. N.L. fem. n. Marinilabilia type genus of the family; suff. -aceae ending to 
denote family; N.L. fem. pl. n. Marinilabiliaceae the Marinilabilia family. 


The family Marinilabiliaceae was circumscribed for this vol- 
ume on the basis of phylogenetic analysis of 16S rRNA gene 
sequences and includes the type genus Marinilabilia, Alkal- 
iflexus, and Anaerophaga. All genera are composed of slender, 
flexible rods. Except for Anaerophaga, which does not grow on 


solid surfaces in culture, cells are motile by gliding. Cells stain 
Gram-negative. Saccharolytic and require NaCl for growth. 
Some characteristics that differentiate the three genera are 
given in Table 8. 

Type genus: Marinilabilia Nakagawa and Yamasato 1996, 600%". 


TABLE 8. Some characteristics that differentiate the genera of the family Marinilabiliaceae* 


Characteristic Marinilabilia Alkaliflexus Anaerophaga 

Motile by gliding + + nt 

Can grow aerobically + - = 

Major products of glucose Acetate, succinate, propionate, Propionate, acetate, succinate Propionate, acetate, and succinate 
fermentation lactate, formate and H, and formate 


Growth above 50°C = 
Isolated from Marine mud containing decayed 
algae 


DNA G+C content (mol%) 37-41 


ant, Not tested. 


Mud from an alkaline soda lake 


- + 

Oil contaminated sediment in 
an oil separation tank 

44 41 


Genus |. Marinilabilia Nakagawa and Yamasato 1996, 600"? 


Makoto Suzuki 


Ma. ri-ni.la.bil’i.a. L. adj. marinus marine, pertaining to the sea; L. adj. labilis gliding; N.L. fem. n. Marinilabilia 


marine gliding organisms. 


Short to very long flexible rods, 0.3-0.5 x 2-50 um. Resting 
stage is absent. Motile by gliding. Gram-negative. Colonies are 
pink to salmon in color. Chemo-organotrophic. Facultatively 
anaerobic, having both respiratory and fermentative types of 
metabolism. Catalase-positive. Decompose several kinds of 
biomacromolecules. Marine organisms requiring elevated salt 
concentrations. Optimum temperature: 28-37°C. Optimum 
pH: around 7. The major polyamine is spermidine. The major 
respiratory quinone is MK-7. 

DNA G+C content (mol96): 41 (HPLC). 

Type species: Marinilabilia salmonicolor (Veldkamp 1961) 
Nakagawa and Yamasato 1996, 600°? emend. Suzuki, Nakagawa, 
Harayama and Yamamoto 1999, 1555 (Cytophaga salmonicolor 
Veldkamp 1961, 339). 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences indicates 
that the genus Marinilabilia belongs to the family “Marinilabiaceae’. 
The phylogenetic relationships of the genus Marinilabilia and 
related organisms are shown in Figure 15. The nearest neighbor 
is the genus Anaerophaga and the similarities between the species 
of Marinilabilia and Anaerophaga are 90.3-92.4%. Two misclassified 
facultatively anaerobic Cytophaga species, Cytophaga fermantans and 
Cytophaga xylanolytica, are more distantly related to members of the 
genus Marinilabilia. There is 86.8-89.6% similarity between these 
two organisms and members of the genus Marinilabilia. 

Cells of Marinilabilia salmonicolorare slender rods with rounded 
or slightly tapered ends. They are extremely flexible and motile 


by gliding. The cells usually vary from 2 to 30 um in length, but 
occasionally, very long elements of up to 50 um long can be seen. 
These long cells occur even in young cultures and often show flex- 
ing and gliding movements. The mean length of cells grown aero- 
bically on agar plates is usually greater than that of cells from stab 
or anaerobic liquid cultures. In the stationary phase, spherical 
cells are always found. They vary in diameter from 1.0 to 3.5 um. 

Spermidine is the dominant cellular polyamine when cells 
are cultivated in marine broth (Hosoya and Hamana, 2004). 

Strains of the genus Marinilabilia can grow well anaerobically 
in glucose-mineral medium supplemented with a vitamin mix- 
ture (Veldkamp, 1961). Under anaerobic conditions, growth is 
poor when bicarbonate is omitted from the medium. Under 
aerobic conditions, Marinilabilia strains can grow well when the 
medium contains 0.1% (w/v) yeast extract, corn steep liquor, 
or nutrient broth. 

Products of fermentation are acetic acid, succinic acid, pro- 
pionic acid, lactic acid, formic acid, CO,, H,, and trace amounts 
of ethanol (Veldkamp, 1961). 

Marinilabilia strains inhabit coastal marine sediments. They 
have been isolated from marine mud containing decayed algae. 
One biovar can actively degrade agar. 


Enrichment and isolation procedures 


Organisms of this group have been recognized as incidentally 
occurring organisms in enrichment cultures of green sulfur 
bacteria (Veldkamp, 1961). They were originally enriched by 
using anaerobic cultures in which agar was the carbon and 
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energy source. The anaerobic enrichment cultures were incu- 
bated in the dark at 30°C for 3-5 d. Anaerobic plate cultures were 
used for the isolation of these organisms. The medium used for 
these cultures contained (in g/1): NaCl, 30; KH,PO,, 1; NH,Cl, 1; 
MgCl,-6H,O, 0.5; CaCl,, 0.04; NaHCO,, 5; Na,S-9H,O, 0.1; ferric 
citrate, 0.03; agar, 5; yeast extract, 0.3; pH 7. The medium was 
supplemented with a trace element mixture (Veldkamp, 1961). 


Maintenance procedures 


Cultures are maintained as paraffin-covered stab cultures at 
4°C; transfers are made monthly. Cultures can be kept in broth 
containing 1096 glycerol at -80*C or in the gas phase of liquid 
nitrogen. They can be preserved by aliquid-drying method using 
75% bovine serum in marine broth as a protective reagent. 


Differentiation of the genus Marinilabilia from other genera 


Marinilabilia can be differentiated from related organisms by its 
relation to oxygen, salt requirement, some physiological charac- 
ters, and cell mass color. Differential features are given in Table 9. 


100 Marinilabilia salmonicolor 
Anaerophaga thermohalophila 
Cytophaga fermentans 

Alkaliflexus imshenetskii 

Rikenella microfusus 
Alistipes finegoldii 
Bacteroides fragilis 


rm 
0.02 


FIGURE 15. 16S rRNA gene sequence-based phylogenetic tree of the 
genus Marinilabilia and related organisms. The tree was constructed by 
the neighborjoining method. The numbers at nodes show the percent- 
age bootstrap value of 500 replicates. Bar = evolutionary distance of 
0.02 (Kad): 


Marinilabilia can be differentiated from Anaerophaga, Alkaliflexus, 
Alistipes, and Rikenella by its relation to oxygen. It can also be dif- 
ferentiated from Cytophaga fermentans by its cell mass color and 
from Cytophaga xylanolytica by its salt requirement. 


Taxonomic comments 


There are two known isolates of the genus Marinilabilia. Strain 
NBRC 159487 (=ATCC 190417), the type strain of Marinilabilia 
salmonicolor, was isolated from marine mud off the coast of Cali- 
fornia. The second strain, NBRC 14957 (=ATCC 19043), which 
was isolated from the same environment, has the same character- 
istics as the type strain and, in addition, is able to degrade agar. 
These two strains were originally reported as Cytophaga salmoni- 
color and * Cytophaga salmonicolor var. agarovorans" by Veldkamp 
(1961). Reichenbach (1989) described Cytophaga agarovorans to 
accommodate “Cytophaga salmonicolor var. agarovorans’, based 
on its remarkable agar-degrading ability and higher DNA G+C 
content. Later, Nakagawa and Yamasato (1996) included these 
two organisms in the genus Marinilabilia as Marinilabilia salmoni- 
colorand Marinilabilia agarovorans. Phylogenetic analysis of these 
two organisms using 16S rRNA gene and gyrB sequences indi- 
cated their close relatedness (Nakagawa and Yamasato, 1996; 
Suzuki et al., 1999). In particular, the gyrB sequences of strains 
NBRC 159487 and NBRC 14957 are identical, as determined 
for a 1.2 kb region. DNA-DNA hybridization also confirmed 
their close relatedness: over 7076 DNA relatedness was found 
between the two strains (Suzuki et al., 1999). Reichenbach 
(1989) stated that there was a small percentage difference in 
the G+C content of the DNA between Marinilabilia agarovorans 
and Marinilabilia salmonicolor, namely, 41 vs. 37 mol%, respec- 
tively (buoyant density method). A second determination of 
the G+C content of Marinilabilia strains was performed by the 
HPLC method (Suzuki et al., 1999) and indicated that the G+C 
content was almost the same for the two strains; by this method, 


TABLE 9. Differential characteristics of Marinilabilia and related organisms" 


Ee Š 
š š 
ë Š 
E 3 
E 5 š š š š š 
Characteristic = < x e e < ia 
Cell size, um 0.3-0.5 x 2-20 0.3x4-8 0.3-0.4 x 4-10 0.5-0.7 x 2-10 0.4 x 3-24 0.3-0.5 x 0.9-3.0 0.2-0.3 x 0.3-1.5 
Gliding motility + _ + + + = = 
Cell mass color Pink to salmon Orange to Pink Yellow Orange to salmon Gray, brown to black Gray 
red 
Relation to oxygen 
Facultative + _ _ + - E E 
anaerobe 
Strict anaerobe = + + - - + + 
Aerotolerant - - - = + = = 
anaerobe 
Catalase + _ + + w trace nd 
Salt requirement + + + + = nd = 
DNA G+C 37-41 42 44 39 46 55-58 60-61 
content 
(mol%) 


“Symbols: +, >85% positive; —, 0-15% positive; w, weak reaction; nd, not determined. 
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the DNA G+C contents of strains NBRC 14957 (Marinilabilia 
agarovorans) and NBRC 15948" (Marinilabilia salmonicolor) were 
41.2 and 41.5 mol%, respectively. All of the above information 
indicates that these two strains belong to a single species. Since 
Marinilabilia salmonicolor was first described as Cytophaga salmon- 


icolor, Marinilabilia salmonicolor is a senior subjective synonym of 
Marinilabilia agarovorans. However, the agar-degrading ability of 
strain NBRC 14957 is a prominent biochemical characteristic; 
therefore, this strain is considered as Marinilabilia salmonicolor 
biovar Agarovorans. 


List of species of the genus Marinilabilia 


1. Marinilabilia salmonicolor (Veldkamp 1961) Nakagawa and 
Yamasato 1996, 600%” emend. Suzuki, Nakagawa, Harayama 
and Yamamoto 1999, 1555 (Cytophaga salmonicolor Veldkamp 
1961, 339) 
sal.mo.ni'co.lor. L. masc. n. salmo -onis salmon; L. masc. n. 
color color; N.L. adj. salmonicolor intended to mean salmon- 
colored. 

Slender flexible cylindrical rods with rounded or slightly 
tapering end, 0.3-0.5 x 2-50 nm, usually around 10-20 um 
in length. Resting stages are not observed. Motile by gliding. 
Gram-negative. The color of the cell mass is salmon to pink. 
Chemo-organotrophic. Facultative anaerobe. Good growth 
is obtained in a normal aerobic atmosphere. Marine strains 
require elevated salt concentrations. Peptones, Casamino 


acids, yeast extract, ammonium, and nitrate are suitable 
nitrogen sources. Arabinose, xylose, glucose, galactose, 
mannose, fructose, sucrose, lactose, maltose, cellobiose, 
trehalose, raffinose, inulin, and starch are fermented. Gela- 
tin is liquefied slowly. Catalase is produced. The optimum 
temperature is 28-37°C. The optimum pH is around 7. The 
major respiratory quinone is MK-7. The major polyamine is 
spermidine. 

Source: marine mud containing decayed algae. 

DNA G+C content (mol % ): 41.2—41.5 (HPLC). 

Type strain: ATCC 19041, CIP 104809, DSM 6480, LMG 
1346, NBRC 15948. 

Note: strain NBRC 14957 can degrade agar and is biovar 
Agarovorans. 


Genus Il. Anaerophaga Denger, Warthmann, Ludwig and Schink 2002, 177"? 


BERNHARD SCHINK 


An.a.e.ro.pha’ga. an Gr. pref. an not; Gr. n. aer aeros air; Gr. v. phagein to devour, to eat up; 


N.L. fem. n. Anaerophaga an anaerobic eater. 


Slender flexible rods with rounded ends. Strictly anaerobic. Chemo- 
organotrophic. Nonphotosynthetic. Have a fermentative type of 
metabolism, using organic compounds as substrates. Inorganic 
electron acceptors are not used. Media containing a reductant, 
e.g., cysteine, are necessary for growth. Catalase-negative. Isolated 
from oil-contaminated sediment in an oil separation tank. 

Type species: Anaerophaga thermohalophila Denger, Warth- 
mann, Ludwig and Schink 2002, 177°. 

DNA G+C content (mol % ): 42. 


Further descriptive information 


The only described species so far is Anaerophaga thermohalophila. 
The strains Fru22" and Glc12 were isolated as possible agents 
for tenside (surfactant) production in microbially improved oil 
recovery (MIOR). Therefore, the organism was enriched and 
selected under conditions of elevated temperature (50°C) and 
increased salinity (7.5%, w/v). 

The isolated strains ferment hexoses and pentoses to equal 
molar amounts of acetate, propionate, and succinate (Denger 
and Schink, 1995; Denger et al., 2002), according to the follow- 
ing equations: 
3C,H,,0, > 2 C,H,O, +2 C,H,O, «2C HO, «8H' +2 H,O, or 


6 1276 2 2 2 E 4# 44 2 
9C. H0, > 5 C,H,O, +5 C,H,O, «5C HOO +20 H' &5 HO 
No CO, is released in this type of mixed-acid fermentation. 
Upon prolonged exposure of fully grown cultures to day- 
light, an orange-red pigment was produced, which could be 
extracted from cell pellets by acetone or hexane, indicating 


that it was a lipophilic component. Absorption spectra of 
these extracts showed maxima at 488 and 518 nm and a fur- 
ther shoulder around wavelength 460 nm, as is typical of caro- 
tenoids (Reichenbach et al., 1974). Carotenoids are known 
to be produced by several representatives of aerobic gliding 
bacteria, including lexibacter sp., Cytophaga sp., and several 
myxobacteria (Reichenbach and Dworkin, 1981). Strain 
Fru227 is the first strict anaerobe producing such pigments, 
although the moderately oxygen-tolerant anaerobe Cytophaga 
xylanolytica also produces carotenoids (Haack and Breznak, 
1993). When pigmented cell material after centrifugation was 
treated with 10% KOH, the color turned dark-red to brown- 
ish, similar to the flexirubins of Cytophaga, Sporocytobhaga, and 
Flexibacter spp. (Achenbach et al., 1978; Reichenbach et al., 
1974). 

Unfortunately, these strains do not grow on agar surfaces, 
even if the medium is poured and stored in an oxygen-free glove 
box under a N,/CO, atmosphere (90/10, v/v). Thus, whether 
gliding motility occurs could not be determined. Spore-ike 
structures or spheres are observed in ageing cultures. 

Surface-active compounds were produced by strain Fru22T 
optimally at the end of exponential growth (Denger and 
Schink, 1995). This tenside efficiently stabilized hexadecane/ 
water emulsions. Production was enhanced in the presence of 
hexadeca ne, which provides a lipophilic surface in the culture. 
The surface-active compound(s) was associated partly with the 
cells and cell surfaces, but was also released into the culture 
medium. 
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Enrichment and isolation procedures 


Anaerophaga thermohalophila strain Fru227 and a similar strain, 
Glc12, were enriched originally from blackish-oily sedimentary 
residues in an oil separation tank near Hannover, Germany. 
The mineral salts medium for enrichment and cultivation was 
bicarbonate-buffered (50 mM), cysteine-reduced (1 mM), and 
contained, together with other minerals, 75 g of NaCl and 4.0 
g of MgCl,-7H,O per liter (Denger and Schink, 1995). The pH 
was 6.7-6.8. During the enrichment, the medium received a few 
drops (50 ul per 25 ml of medium) of hexadecane to provide a 
lipophilic boundary layer. Subcultures were inoculated with oily 
drops from the surface of the preculture. All details concern- 
ing cultivation and physiological characterization have been 
described before (Denger and Schink, 1995). Growth rates and 
yields were best at 20—70 g of total salt per liter. At 80 g of salt per 
liter, growth was partly inhibited, and there was no growth at «20 
g of salt per liter. 


Maintenance procedures 


Cultures are maintained either by repeated transfer at inter- 
vals of 2-3 months or by freezing in liquid nitrogen using tech- 
niques common for strictly anaerobic bacteria. No information 
exists about survival upon lyophilization. 


Differentiation of the genus Anaerophaga 
from other genera 


There are substantial differences between Anaerophaga thermo- 
halophila strain Fru22T, Cytophaga fermentans, and the described 
species of the genus Marinilabilia. First, strain Fru22 is strictly 
anaerobic. Moreover, the growth parameters of strain Fru22, 
especially its growth up to 55*C and its salt tolerance up to 1296 
(w/v) salt with an optimum around 6^6 salt, clearly separate this 
strain from all described Cytophaga and Marinilabilia species. So 
far, only few Cytophaga species show temperature maxima at 
40-45°C (Cytophaga aprica, Cytophaga lytica) or 45°C (Cytophaga 
diffluens); all three species also tolerate NaCl concentrations 
up to 6%, but, unlike Anaerophaga thermohalophila, all are strict 
aerobes. Cytophaga aprica and Cytophaga diffluens have been 


reclassified recently as l'lammeovirga aprica and Persicobacter dif- 
fluens (Nakagawa et al., 1997). 

The genus Capnocytophaga has been separated from other 
Cytophaga species as a genus of facultatively anaerobic bacteria 
that need CO, at enhanced concentrations for efficient growth. 
In addition, Capnocytophaga species produce acetate, propi- 
onate, and succinate during sugar fermentation; however, all 
have been described as facultatively aerobic organisms, whereas 
Anaerophaga thermohalophila is strictly anaerobic. Moreover, all 
species of Capnocytophaga described so far are associated with 
higher animals, especially the oral cavity of man (Leadbetter 
et al., 1979). No thermophilic or halophilic representatives of 
Capnocytophaga are known. 


Taxonomic comments 


As indicated by phylogenetic analysis of 16S rDNA sequences, 
strain Fru22T is a member of the phylum Bacteroidetes, compris- 
ing Cytophaga, Flavobacterium, and Bacteroides as representative 
genera. Based on the similarities of 165 rRNA gene sequences, 
the closest relatives are representatives of the genus Marini- 
labilia (formerly Cytophaga; Suzuki et al., 1999). However, 
overall sequence similarities of around 91.6% indicate only a 
moderate relationship and justify the establishment of a new 
genus, Anaerophaga. These genera share a common origin 
with Cytophaga fermentans (Bachmann, 1955); the correspond- 
ing overall 16S rRNA gene sequence similarities are 87.9— 
89.196. Strain Fru22 shares several properties with Cytophaga 
and Marinilabilia species, e.g., its morphology (thin, slender 
rods), production of a flexirubin-like pigment, and produc- 
tion of sphere-like structures in ageing cultures (Reichen- 
bach, 1992; Staley et al., 1989). Moreover, the facultatively 
anaerobic species Cytophaga fermentans, Cytophaga xylanolytica, 
Marinilabilia salmonicolor, and Marinilabilia agarovorans all have 
been described to produce acetate together with propionate 
and succinate as main products of sugar fermentation (Haack 
and Breznak, 1993; Staley et al., 1989). The G+C content of 
the DNA of Cytophaga fermentans and Marinilabilia sp. is in the 
range of 30-42 mol%; strain Fru22 (41.8 mol%) would be at 
the upper limit of this range. 


List of species of the genus Anaerophaga 


1. Anaerophaga thermohalophila Denger, Warthmann, Ludwig 
and Schink 2002, 177%” 


ther.mo.ha.lo'phi.la. Gr. n. thermé heat; Gr. n. hals, halos salt; 
N.L. adj. philus -a -um (from Gr. adj. philos -é -on) friend, lov- 
ing; N.L. fem. adj. thermohalophila heat and salt loving. 


Slender flexible rods (0.3 x 3-8 um) with rounded ends. 
Formation of spheres and spore-like structures occur in age- 
ing cultures. Strictly anaerobic. Catalase- and oxidase-nega- 
tive. Cytochromes of the »type present. Glucose, fructose, 
arabinose, xylose, cellobiose, mannose, trehalose, raffinose, 
galactose, starch, and lactose are used for growth. Hexoses 
and pentoses are fermented to equimolar amounts of acetate, 
propionate, and succinate. No growth occurs with ribose, 
sorbose, rhamnose, dulcitol, mannitol, glycerol, glycerate, 


tartrate, malate, glycolate, lactate, pyruvate, succinate, fumar- 
ate, methanol, ethanol, ethylene glycol, acetoin, alanine, 
serine, threonine, glutamate, aspartate, proline, cellulose, 
arabinogalactan, chitin, yeast extract, or peptone. Growth 
requires media with an enhanced CO,/bicarbonate content 
and salt concentrations of at least 296 (w/v). Growth occurs 
with 2-12% (w/v) salt (optimum, 2-646). Growth occurs at 
37-55°C (optimum, 50°C); no growth occurs at 30 and 60°C. 
Ageing cultures exposed to daylight form an orange-red car- 
otenoid pigment similar to flexirubin. Habitat: anoxic sub- 
surface sites of enhanced temperature and salt content. 

Source: contaminated oil tank sediment. 

DNA G+C content (mol % ): 41.8 + 0.7 (HPLC). 

Type strain: Fru 22, DSM 12881, OCM 798. 

Sequence accession no. (16S rRNA gene): AJ418048. 
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Genus III. Alkaliflexus Zhilina, Appel, Probian, Llobet Brossa, Harder, Widdel and Zavarzin 2005, 1395"? (Effective 
publication: Zhilina, Appel, Probian, Llobet Brossa, Harder, Widdel and Zavarzin 2004, 251.) 


THE EprroniaL BoaRD 


Al.ka.li.flex'us. N.L. n. alkali (from Ar. a-galyithe ashes of saltwort) soda ash; L. masc. part. adj. flexus bent; 
N.L. masc. n. Alkaliflexus referring to life in basic surroundings and to bending/flexible cells. 


Thin, flexible rods with slightly tapered ends. A nonrefrac- 
tile, spherical, cyst-like structure develops at one pole during 
late growth phase. Gliding motility is present. Endospores 
are not formed. Fruiting bodies are not formed. Gram-neg- 
ative. Anaerobic, with low to modest tolerance to oxygen. 
Organisms have a strictly fermentative type of metabolism; 
exogenous electron acceptors are not used. Mesophilic. Alka- 
liphilic, grows at pH 7.5-10.2 (optimum, approx. pH 8.5). 
Sodium ions are required for growth (optimum, 2%; range, 
0.08—5.396). Carbonate/bicarbonate ions (but not chloride) 
are also required for growth. Cell mass is yellow to pink due 
to carotenoids. The temperature range for growth is 10-44*C 
(optimum, 35°C); no growth occurs at 5 or 55°C. Chemo- 
organotrophic. Several carbohydrates are utilized, particu- 
larly those that may result from the hydrolysis of cellulose, 
hemicelluloses, and other natural polysaccharides. Isolated 
from a cellulose-degrading enrichment culture originating 
from an alkaline soda lake. 

DNA G+C content (mol % ): 43—44. 

Type species: Alkaliflexus imshenetskii Zhilina, Appel, Pro- 
bian, Llobet Brossa, Harder, Widdel and Zavarzin 2005, 1395"? 
(Effective publication: Zhilina, Appel, Probian, Llobet Brossa, 
Harder, Widdel and Zavarzin 2004, 251.). 


Enrichment and isolation procedures 


Anaerobic cellulose-decomposing alkaliphilic communities 
were initially enriched in the alkaline (pH 10) soda medium 
described by Kevbrin et al. (1999). (Note Alkaliflexus does not 
utilize cellulose and was probably stimulated by cellulose degra- 
dation products such as cellobiose that were produced by other 
bacteria.) After isolation by the methods described by Widdel 
and Bak (1992), cultures were propagated in the medium of 
Nedashkovskaya et al. (2006)*. 


Differentiation of the genus Alkaliflexus from related genera 


The adaptation to high pH (optimum, pH 8.5) is a physiological 
feature that distinguishes the present isolates from all Marinil- 
abilia, Cytobhaga, and Anaerophaga species, as well as from any 
hitherto known member of the phylum Bacteroidetes. Moreover, 
Marinilabilia and Cytobhaga are facultative anaerobes, whereas 
Alkaliflexus is a strict anaerobe. Anaerophaga is catalase-negative, 
whereas Alkaliflexus is catalase-positive. Other distinguishing 
features have been indicated by Nedashkovskaya et al. (2006). 


Taxonomic comments 


Analysis of 16S rRNA gene sequences indicates that the closest 
phylogenetic relatives of Alkaliflexus are Marinilabilia salmoni- 
color, Cytophaga fermentans, and Anaerophaga thermophila. 


List of species of the genus Alkaliflexus 


l. Alkaliflexus imshenetskii Zhilina, Appel, Probian, Llobet 
Brossa, Harder, Widdel and Zavarzin 2005, 1395V" (Effective 
publication: Zhilina, Appel, Probian, Llobet Brossa, Harder, 
Widdel and Zavarzin 2004, 251.) 


im.she.net’ski.i. N.L. gen. masc. n. imshenetskii of 
Imshenetskii, named after Aleksandr A. Imshenetskii 
(1905-1992), a microbiologist who devoted much of his 
research to gliding bacteria and the microbial degrada- 
tion of cellulose. 


Characteristics are as described for the genus, with the 
following additional features. Cell dimensions are 0.25-0.4 
x 4-10 um. Cells usually occur singly or in pairs. Cells sur- 
vive desiccation. Cells are yellow to salmon-colored or pink 
due to the presence of a carotenoid or carotenoids. No 
dependence of color on the presence of light during growth 
has been observed. The temperature range for growth is 
10-44°C, with the optimum being around 35°C; no growth 
occurs at 5 or 55°C. Catalase-positive. Best growth occurs 
under strictly anaerobic conditions with a reducing agent 
such as sulfide. Growth occurs on arabinose, xylose, glu- 
cose, galactose, mannose, cellobiose, maltose, sucrose, tre- 
halose, xylan, starch, glycogen, dextran, dextrin, pectin, 
pullulan, and Macetylglucosamine. Growth is most rapid 
on cellobiose or starch. No growth occurs on methanol, 
ethanol, pyruvate, succinate, fumarate, malate, glycerol, 


mannitol, inositol, ribose, fructose, lactose, agarose, cel- 
lulose, alginate, agar, xanthan, chitin, chitosan, Casamino 
acids, peptone, gelatin, or yeast extract. The main products 
of sugar fermentation are propionate, acetate, and succi- 
nate; minor products are formate, fumarate, and hydro- 
gen. Vitamins or yeast extract are needed for growth. The 
predominant cellular fatty acids are C, isomers. Habitat: 
anoxic soda lake sediments rich in organic nutrients. The 
type strain was isolated as a component of an anaerobic 
cellulose-degrading enrichment culture originating from 
Lake Verkhneye Beloye (south-eastern Transbaikal region, 
Russia). 

DNA G+C content (mol % ): 43.0-44.4 (T). 

Type strain: Z-7010, DSM 15055, VKM B-2311. 

Sequence accession no. (16S rRNA gene): AJ784993. 


*The basal medium of Nedashkovskaya et al. (2006) is composed of (g/1): NH,CI, 
0.2; MgCl,-6H,O, 0.05; KH,PO , 0.2; Na,CO,, 7.4; NaHCO,, 18.5; Na,S-9H,O, 0.5; 
and yeast extract, 0.2. The latter three ingredients are added from separately auto- 
claved stock solutions (sulfide was autoclaved under N,) to the anoxically cooled 
medium. Non-chelated trace elements and vitamins are added as described by 
Widdel and Bak (1992). The medium is dispensed into bottles or tubes with a 
headspace (3096 of total volume) of N, and sealed with butyl rubber stoppers. 
Organic substrates are added before inoculation from separately sterilized stock 
solutions. Sugars are sterilized by filtration. 


54 FAMILY Ill. RIKENELLACEAE 


References 


Achenbach, H., W. Kohl and H. Reichenbach. 1978. The flexirubin- 
type pigments — a novel class of natural pigments from gliding bacte- 
ria. Rev. Latinoam. Quim. % 111-124. 

Bachmann, B.J. 1955. Studies on Cytophaga fermentans, n.sp., a fac- 
ultatively anaerobic lower myxobacterium. J. Gen. Microbiol. 13: 
541-551. 

Denger, K. and B. Schink. 1995. New halo- and thermotolerant ferment- 
ing bacteria producing surface-active compounds. Appl. Microbiol. 
Biotechnol. 44: 161-166. 

Denger, K., R. Warthmann, W. Ludwig and B. Schink. 2002. Anaerophaga 
thermohalophila gen. nov., sp. nov., a moderately thermohalophilic, 
strictly anaerobic fermentative bacterium. Int. J. Syst. Evol. Micro- 
biol. 52: 173-178. 

Haack, S.K. and J.A. Breznak. 1993. Cytophaga xylanolytica sp. nov., a 
xylan-degrading, anaerobic gliding bacterium. Arch. Microbiol. 159: 
6-15. 

Hosoya, R. and K. Hamana. 2004. Distribution of two triamines, sper- 
midine and homospermidine, and an aromatic amine, 2-phenyleth- 
ylamine, within the phylum Bacteroidetes. J. Gen. Appl. Microbiol. 50: 
255-260. 

Kevbrin, V.V., T.N. Zhilina and G.A. Zavarzin. 1999. Decomposition of 
cellulose by the anaerobic alkaliphilic microbial community. Micro- 
biology (En. transl. from Mikrobiologiya) 68: 601-609. 

Leadbetter, E.R., S.C. Holt and S.S. Socransky. 1979. Capnocytophaga: 
new genus of Gram-negative gliding bacteria. 1. General character- 
istics, taxonomic considerations and significance. Arch. Microbiol. 
122: 9-16. 

Nakagawa, Y. and K. Yamasato. 1996. Emendation of the genus Cytophaga 
and transfer of Cytophaga agarovorans and Cytophaga salmonicolor to 
Marinilabilia gen. nov: phylogenetic analysis of the Flavobacterium 
cytophaga complex. Int. J. Syst. Bacteriol. 46: 599-603. 

Nakagawa, Y., K. Hamana, T. Sakane and K. Yamasato. 1997. Reclassifi- 
cation of Cytophaga aprica (Lewin 1969) Reichenbach 1989 in Flam- 
meovirga gen. nov. as Flammeovirga aprica comb. nov. and of Cytophaga 
diffluens (ex Stanier 1940; emend. Lewin 1969) Reichenbach 1989 in 
Persicobacter gen. nov. as Persicobacter diffluens comb. nov. Int. J. Syst. 
Bacteriol. 47: 220-223. 

Nedashkovskaya, O.I., S.B. Kim, M. Vancanneyt, C. Snauwaert, A.M. 
Lysenko, M. Rohde, G.M. Frolova, N.V. Zhukova, V.V. Mikhailov, K.S. 


Bae, H.W. Oh and J. Swings. 2006. Formosa agariphila sp. nov., a bud- 
ding bacterium of the family Flavobacteriaceae isolated from marine 
environments, and emended description of the genus Formosa. Int. J. 
Syst. Evol. Microbiol. 56: 161-167. 

Reichenbach, H., H. Kleinig and H. Achenbach. 1974. The pigments of 
Flexibacter elegans: novel and chemosystematically useful compounds. 
Arch. Microbiol. 701: 131-144. 

Reichenbach, H. and M. Dworkin. 1981. The order Cytophagales. In 
The Prokaryotes: a Handbook on Habitats, Isolation, and Identifica- 
tion of Bacteria (edited by Starr, Stolp, Trüper, Balows and Schlegel). 
Springer, Berlin, pp. 356-379. 

Reichenbach, H. 1989. Genus I. Oytophaga. In Bergey's Manual of Sys- 
tematic Bacteriology, vol. 1 (edited by Staley, Bryant, Pfennig and 
Holt). Williams & Wilkins, Baltimore, pp. 2015-2050. 

Reichenbach, H. 1992. The order Cytophagales. In The Prokaryotes: 
a Handbook on the Biology of Bacteria: Ecophysiology, Isolation, 
Identification, Applications, 2nd edn, vol. 4 (edited by Balows, 
Trüper, Dworkin, Harder and Schleifer). Springer, New York, pp. 
3631-3675. 

Staley, J.T., M.P. Bryant, N. Pfennig and J.G. Holt. 1989. Bergey’s Man- 
ual of Systematic Bacteriology, vol. 3. Williams & Wilkins, Baltimore. 

Suzuki, M., Y. Nakagawa, S. Harayama and S. Yamamoto. 1999. Phy- 
logenetic analysis of genus Marinilabilia and related bacteria based 
on the amino acid sequences of GyrB and emended description of 
Marinilabilia salmonicolor with Marinilabilia agarovorans as its subjec- 
tive synonym. Int. J. Syst. Bacteriol. 49: 1551-1557. 

Veldkamp, H. 1961. A study of two marine agar-decomposing, faculta- 
tively anaerobic myxobacteria. J. Gen. Microbiol. 26: 331-342. 

Widdel, F. and F. Bak. 1992. Gram-negative mesophilic sulfate-reducing 
bacteria. In The Prokaryotes: a Handbook on the Biology of Bacte- 
ria: Ecophysiology, Isolation, Identification, Applications, 2nd edn, 
vol. 4 (edited by Balows, Trüper, Dworkin, Harder and Schleifer). 
Springer, New York, pp. 3352-3378. 

Zhilina, T.N., R. Appel, C. Probian, E.L. Brossa, J. Harder, F. Widdel and 
G.A. Zavarzin. 2004. Alkaliflexus imshenetskii gen. nov. sp. nov., a new 
alkaliphilic gliding carbohydrate-fermenting bacterium with propi- 
onate formation from a soda lake. Arch. Microbiol. 182: 244—253. 

Zhilina, T.N., R. Appel, C. Probian, E. Llobet Brossa, J. Harder, F. Widdel 
and G.A. Zavarzin. 2005. In Validation of publication of new names 
and new combinations previously effectively published outside the 
IJSEM. List no. 104. Int. J. Syst. Evol. Microbiol. 55: 1395-1397. 


Family Ill. Rikenellaceae fam. nov. 


THE EpiToRIAL BOARD 


Ri.ke.nel.la.ce.ae. N.L. fem. n. Rikenella type genus of the family; -aceae ending to denote 
family; N.L. fem. pl. n. Rikenellaceae the Rikenella family. 


The family Rikenellaceae is a phenotypically diverse assemblage 
of genera that was circumscribed for this volume on the basis 
of phylogenetic analysis of 16S rRNA gene sequences. The 
family contains the genera Rikenella (type genus) and Alisti- 
pes. Both are Gram-negative rods that lack swimming motility. 


Some characteristics that differentiate the two genera are given 
in Table 10. 

Type genus: Rikenella Collins, Shah and Mitsuoka 1985a, 
375%” (Effective publication: Collins, Shah and Mitsuoka 
1985b, 80.). 


TABLE 10. Some characteristics that differentiate the genera of the family Rikenellaceae* 


Characteristic 


Rikenella 


Alistipes 


Major products of glucose fermentation 


of acetic acid and trace amounts of alcohols 
MK-8 nr 


Major quinone 
Source 


and Japanese quails 
59.5-60.7 


DNA G+C content (mol%) 


Propionic and succinic acids, with moderate amounts 


Fecal or cecal specimens from calves, chickens, 


Succinic acid with minor amounts 
of acetic acid 


Human and animal specimens 
of intestinal origin 
55-58 


“nr, Not reported. 
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Genus I. Rikenella Collins, Shah and Mitsuoka 1985a, 375"P 
(Effective publication: Collins, Shah and Mitsuoka 1985b, 80.) 


THE EprroniAL BOARD 


Ri.ke.nel'la. L. fem. dim. ending -ella; N.L. fem. dim. n. Rikenella named after the RIKEN-Institute, Japan, 


where the organisms were originally isolated. 


Rods with pointed ends occurring singly, in pairs, or short 
chains. Short, filamentous, or swollen forms may occur in 
media with a high concentration of fermentable carbohydrate. 
Nonmotile. Nonsporeforming; strains do not survive 70°C for 
10 min. Gram negative. Anaerobic. Growth enhanced by a fer- 
mentable carbohydrate (e.g., glucose). Optimum temperature 
~37°C. Poor growth at 45°C and usually no growth below 25°C. 
Relatively few sugars are fermented, but glucose, lactose, man- 
nose, and melibiose are fermented. Major end products of 
glucose fermentation are propionic and succinic acids, with 
moderate amounts of acetic acid, and trace amounts of alco- 
hols. Glucose-6-phosphate dehydrogenase, 6-phosphoglucon- 
ate dehydrogenase, and glutamate dehydrogenase are absent. 
Esculin is not hydrolyzed. Nitrate is not reduced. Nonhydroxy- 
lated and 3-hydroxylated long-chain fatty acids present. The 
fatty acids are primarily of the iso-methyl branched-chain 
types; moderate amounts of straight-chain saturated acids are 
also present. Menaquinones are produced. Isolated from fecal 
or cecal specimens from calves, chickens, and Japanese quails. 

DNA G+C content (mol % ): 59.5-60.7. 

Type species: Rikenella microfusus (Kaneuchi and Mitsuoka 
1978) Collins, Shah and Mitsuoka 1985a, 375"" (Effective publi- 
cation: Collins, Shah and Mitsuoka 1985b, 80) (Bacteroides micro- 
fusus Kaneuchi and Mitsuoka 1978, 478.). 


Further descriptive information 


Cells grown on Eggerth-Gagnon agar* for 2 d are 0.15-0.3 x 
0.3-1.5 um (Collins et al., 1985b). Cells from glucose broth are 
0.5-0.9 x 1.0-5.0 um (Holdeman et al., 1984). 

Surface colonies on Eggerth-Gagnon agar are 0.5-1 mm in 
diameter, circular, convex, entire, smooth, translucent, grayish, 
and p-hemolytic. Some strains form raised, opaque, gray colo- 
nies that are 1.0-1.5 mm in diameter. 

Growth in peptone-yeast extractglucose (PYG) broth is 
enhanced by 20% bile or by 0.0005% hemin plus 0.00005% 
menadione, but not by 10% rumen fluid or 0.196 Tween 
80. Cultures in peptone-yeast extract-Fildes enrichment! - 
glucose (PYFG) broth are turbid with smooth sediment and have 
a final pH of 5.5-5.8. Only trace amounts of gas are produced. 

The major fatty acid is 13-methyltetradecanoic acid. An 
unsaturated menaquinone of the MK-8 type is present. 


*The medium of Eggerth and Gagnon (1933) consists of beef infusion broth 
containing 1.5% agar, 1% peptone, and 0.4% disodium phosphate. The pH is 
adjusted to 7.6-7.8. Before dispensing the medium into plates, 5% (v/v) of sterile 
blood and 0.15% sterile glucose (in the form of a 10% solution) are added. 
*Fildes enrichment (Willis, 1960) is prepared by adding 50 ml of defibrinated 
sheep blood, 6 ml of concentrated HCl, and 2 g of pepsin to 150 ml of sterile nor- 
mal saline. This solution is mixed thoroughly in stoppered bottle and incubated 
at 55°C overnight. Sufficient 20% NaOH solution is added (usually about 12 ml) 
to make the digest strongly alkaline to cresol red indicator (about pH 8). The pH 
is then restored to 7.2 with concentrated HCl. After adding 0.25% chloroform as 
a preservative, the digest is stored at 4°C. The enrichment digest is usually added 
to a final concentration of 3-5% (v/v). After addition to a sterile medium, the 
medium is steamed for 30 min to drive off residual chloroform. 


Strains have been isolated from the feces of healthy 2-month- 
old calves fed an artificial diet, from the feces of adult Japanese 
quails, and from the cecal contents of chickens. The type strain 
occurred at a concentration of 10°/g (wet wt) in Japanese quail 
feces. Analysis of partial 16S rRNA gene sequences obtained 
from guts of various termite species by Ohkuma et al. (2002) 
indicated that one phylogenetic cluster, composed of the phy- 
lotypes from a single termite species, was related to the genus 
Rikenella. 

Pathogenicity has not been reported. 


Enrichment and isolation procedures 


In the method of Kaneuchi and Mitsuoka (1978), samples 
are emulsified in an anaerobic buffer, plated onto modified 
Eggerth-Gagnon agar! and glucose-blood-liver agar, and incu- 
bated at 37°C anaerobically under 100% CO,. Grayish to slightly 
reddish mottled colonies are selected after 2-3 d. 

Strains can be maintained on prereduced Eggerth-Gagnon 
liver slants with H,CO,/CO, buffer and stored at 4°C, with serial 
transfer every 3 months. 


Differentiation of the genus Rikenella 
from other genera 


Unlike Bacteroides fragilis and related species, Rikenella microfusus 
lacksglucose-6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase (which are characteristic of the hexose monophos- 
phate shunt-pentose pathway) and glutamate dehydrogenase. 
Unlike Mitsuokella multiacida, Rikenella microfusus cells are smaller in 
diameter and attack relatively few carbohydrates. They also con- 
tain predominantly long-chain, iso-methyl-branched fatty acids, 
whereas Mitsuokella multiacida contains mainly straight-chain 
saturated and unsaturated fatty acids and only small amounts 
of methyl branched-chain fatty acids. In addition, Rikenella 
microfusus contains unsaturated menaquinones of the MK-8 type, 
whereas Mitsuokella multiacida does not contain menaquinones. 


Taxonomic comments 


Comparative analysis of 16S rRNA sequences of Bacteroides and 
related organisms by Paster et al. (1994) indicated that Rikenella 
microfusus, together with Bacteroides putredinis and two species of 
Cytophaga, belong to a subgroup separate from the bacteroides 
subgroup (the latter being composed of prevotella, bacteroi- 
des, and porphyromonas clusters). However, analysis of base 
signatures indicated that these species do belong within the 
bacteroides subgroup. 


‘Modified Eggerth-Gagnon agar (Mitsuoka et al., 1965) consists of 930 ml of 
horsemeat infusion broth, 10 g Proteose peptone No. 3 (Difco), 5 g yeast extract, 
4 g Na,HPO,, 0.5 g soluble starch, 1.5 g glucose, 0.2 g cystine (dissolved in HCl), 
10 ml Antifoam B (Dow Corning, in 10% solution), 15 g agar; 50 ml horse blood, 
and 10 ml cysteine-HCl (in 5% solution). The pH is 7.6-7.8. 
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List of species of the genus Rikenella 


1. Rikenella microfusus (Kaneuchi and Mitsuoka 1978) Col- 
lins, Shah and Mitsuoka 1985a, 375%? (Effective publication: 
Collins, Shah and Mitsuoka 1985b, 80.) (Bacteroides microfusus 
Kaneuchi and Mitsuoka 1978, 478) 


mi.cro.fus'us. Gr.adj. mikros small; L. n. fusus a spindle; N.L. 
n. microfusus (nominative in apposition) a small spindle 
(referring to cellular morphology). 


The description is as given for the genus, with the fol- 
lowing additional information. Acid is produced from glu- 
cose, lactose, mannose, and melibiose. Most strains (7596) 
produce acid from galactose. No acid is produced from 
amygdalin, arabinose, cellobiose, dextrin, dulcitol, eryth- 
ritol, fructose, glycerol, glycogen, inositol, inulin, maltose, 
mannitol, a-methylglucoside, o-methylmannoside, melezi- 
tose, raffinose, rhamnose, ribose, salicin, sorbose, sorbitol, 
starch, sucrose, trehalose, and xylose. 

B-Glucuronidase, glutamic acid decarboxylase, and malate 
dehydrogenase are produced. Gelatin is weakly hydrolyzed. 


Casein, starch, and urea are not hydrolyzed. Indole and 
acetylmethylcarbinol are not produced. No lecithinase activ- 
ity occurs on egg yolk agar. H,S production is not evident on 
sulfide-indole-motility medium. 

Growth is inhibited by 0.00196 brilliant green, 0.005% 
crystal violet, neomycin (1600 ug/ml; slight growth may 
occur sometimes with a few strains), and rifampin (15 ug/ 
ml). Strains are resistant to bacitracin (3 U/ml), cepha- 
lothin (300 ug/ml), colistin 10 ug/ml), polymyxin B (10 
ug/ml), and vancomycin (10 pg/ml). There is slight to 
moderate growth in the presence of kanamycin (1000 ug/ 
ml), penicillin (15 ug/ml), and erythromycin (60 ug/ml). 
Most strains are inhibited by neomycin (1600 ug/ml) and 
rifampin (15 pg/ml). 

DNA G+C content (mol % ): 59.5-60.7 (T^). 

Type strain: ATCC 29728, CCUG 54772, DSM 15922, 
JOM 2053, NCTC 11190. 

Sequence accession no. (16S rRNA gene): L16498. 


Genus II. Alistipes Rautio, Eerola, Váisánen-Tunkelrott, Molitoris, Lawson, Collins and Jousimies-Somer 2003b, 1701? 
(Effective publication: Rautio, Eerola, Váisánen-Tunkelrott, Molitoris, Lawson, Collins and Jousimies-Somer 2003a, 186.) 


EIJA KÖNÖNEN, YuLI SONG, MERJA RAUTIO AND SYDNEY M. FiNEGOLD 


A.li.sti'Des. L. adj. alius other; L. masc. n. stipes a log, stock, post, trunk of a tree, stick; N.L. masc. 


n. alistipes the other stick. 


Straight or slightly curved rods 0.2-0.9 um in diameter x 0.5—4 um 
in length, with rounded ends. Swellings may occur, but spores are 
not formed. Cells usually occur singly or in pairs, occasionally in 
longer filaments. Nonmotile. Gram negative. Obligately anaero- 
bic. Indole is produced. Gelatin is digested. Nitrate is not reduced 
to nitrite. Arginine and urea are not hydrolyzed. Produce suc- 
cinic acid as the major glucose metabolic end product, with minor 
amounts of acetic acid. The major long-chain fatty acid produced 
is C, iso. 

Source: human and animal specimens of intestinal origin. 

DNA G+C content (mol96): 55-58. 

Type species: Alistipes putredinis (Weinberg, Nativelle and 
Prévot 1937) Rautio, Eerola, Váisáànen-Tunkelrott, Molitoris, 
Lawson, Collins and Jousimies-Somer 2003b, 1701(Effective 
publication: Rautio, Eerola, Vàisànen-Tunkelrott, Molitoris, 
Lawson, Collins and Jousimies-Somer 2003a, 186.) (Bacillus 
putredinis Weinberg, Nativelle and Prévot 1937, 755; Ristella 
putredinis Prévot 1938, 291; Bacteroides putredinis Kelly 1957, 
420). 


Further descriptive information 


Phylogenetic analysis of the 165 rRNA gene sequence indicates 
that the genus Alistipes belongs to the family Rikenellaceae within 
the phylum Bacteroidetes (Figure 16). 

Colonies are pinpoint to 1 mm in diameter, circular, convex, 
gray, and opaque or translucent on supplemented (596 sheep 
blood, 1 ug/ml vitamin K,5 ug/ml hemin) Brucella agar after 
anaerobic incubation for 4 d. In case of pigment-producing 
Alistipes species, strains are (weakly) D-hemolytic. A light brown 
or brown pigmentation appears on rabbit-laked-blood (RLB) 
agar within 4—5 d and on kanamycin-vancomycin-laked blood 


(KVLB; containing 5% lysed sheep blood) agar plates, but it 
also appears on Brucella blood agar after extended incubation 
(10 d). 

Strains grow well on solid media under anaerobic condi- 
tions. The optimal growth temperature is 37°C. Growth is poor 
in liquid media even in the presence of supplements. For the 
demonstration of carbohydrate fermentation, addition of 0.596 
Tween 80 may stimulate the growth, but even with this supple- 
mentation, the growth can be poor. 

According to their characteristic special potency antibi- 
otic identification disk profile, Alistipes species are resistant 
to vancomycin (5 ug), kanamycin (1000 ug), and colistin 
(10 ug). Bile resistance, which can be tested on bacteroides- 
bile-esculin (BBE) agar with or without gentamicin, is typi- 
cal of pigment-producing Alistipes species. As with other strict 
anaerobes, Alistipes is susceptible to metronidazole. Suscep- 
tibility to penicillin varies due to B-lactamase production by 
some strains. 

Pigmentproducing, bile-resistant Alistipes species have 
been isolated from various human clinical specimens, such 
as inflamed appendix tissue, peritoneal fluid of patients with 
appendicitis, antibiotic-associated diarrheal feces, and urine 
(Rautio et al., 2003a; Song et al., 2006). Alistipes putredinis has 
been isolated from inflamed appendix tissue, abdominal and 
perirectal abscesses, pilonidal and Bartholin cysts, human 
blood, and sheep foot rot (Cato et al., 1979; Holdeman et al., 
1984). The clinical significance in these conditions remains 
unclear, however, since the organisms appear in mixed cultures 
with other anaerobes and/or aerobes. The isolation of Alistipes 
species from appendix tissue, both inflamed and noninflamed 
(Rautio et al., 2000), and from the feces of healthy individuals 
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FIGURE 16. Phylogenetic tree based on 16S rRNA gene sequence comparisons (>1300 aligned bases) showing the phylogenetic relationship of 
the Alistipes species to related taxa. The tree was constructed using the neighborjoining method, following distance analysis of aligned sequences. 


Bootstrap analysis was used, with 1000 repetitions. 


(Rautio et al., 2003a; Song et al., 2006) as well as from farm soil 
(Cato et al., 1979) indicates that the habitat is the human and 
animal gut. 


Enrichment and isolation procedures 


Alistipes strains can be isolated on solid culture media appropri- 
ate for anaerobes, including nonselective Brucella blood agar 
enriched with vitamin K, and hemin, and fastidious anaerobe 
agar (FAA; Lab M). In addition, pigment-producing, bile-resis- 
tant species are also isolated from selective KVLB and BBE agar 
plates (Rautio et al., 1997). 

Growth in liquid media is especially poor. Tween 80 
(0.5%) has been used to enhance growth of Alistipes putred- 
inis (Holdeman et al., 1984). Of various supplements (bile, 
formate-fumarate, hemin, horse serum, pyruvate, sodium 
bicarbonate, and Tween) tested for enhancement of growth 
of pigment-producing Alistipes species in thioglycolate broth 


medium, bile and horse serum showed a weak stimulation 
(Rautio et al., 1997). 


Maintenance procedures 


For long term storage, young (2-3 d) cultures are transferred 
into vials containing sterilized 2076 skim milk and kept frozen 
at —70°C. Twenty-year-old strains have been revived successfully 
from stocks by scraping frozen bacterial suspension onto fresh 
or prereduced Brucella blood agar and incubating the plates 
in anaerobic jars or in an anaerobic chamber for 3-5 d before 
subcultivation for verifying the purity of strains. 


Methods for characterization tests 


In general, the anaerobic methods described in the Wadsworth- 
KTL Anaerobic Bacteriology Manual (Jousimies-Somer et al., 
2002) are suitable for the study of members of this genus. The 
spot indole test may give false-negative results, therefore, the 
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TABLE 11. Characteristics differentiating Alistipes from related genera* 


Characteristic Alistipes^ Bacteroides‘ Porphyromonas‘ Prevotella Rikenella Tannerella 
Growth in air and CO, - - - - - - 
Gram reaction - - - - - - 
Pigment production + = + D = - 
Growth in 2046 bile + + _ - + _ 
Susceptibility to. 

Vancomycin (5 ug) R R D R R R 

Kanamycin (1 mg) R R R D S S 

Colistin (10 ug) R R R D R S 
Catalase production _ = = _ = = 
Indole production * D D D _ _ 
Nitrate reduction _ _ _ _ _ _ 
Proteolytic activity + _ D D D + 
Carbohydrate fermentation + + _ + _ _ 
Major metabolic end product(s)‘ Š A,S A,B A,S BS A, B, IV, P, PA 
Major cellular fatty acid C.o iso Cz anteiso C.o 180 C; anteiso C izo iso C; anteiso 
DNA G+C content (mol%) 55-58 40-48 40-55 39-60 60-61 44—48 
Type species A. putredinis B. fragilis P. asaccharolytica P. melaninogenica R. microfusus T. forsythia 


"Symbols: +, positive; —, negative; D, different reactions in different taxa (species). 


"Unlike other Alistipes spp., Alistipes putredinis does not produce pigment, and is susceptible to bile, catalase positive, and asaccharolytic. 


* Bacteroides sensu stricto. 


"Unlike other Porphyromonas spp., Porphyromonas catoniae does not produce pigment, and is moderately saccharolytic. 
“Special potency antimicrobial identification disks. Symbols: R, resistant; S, susceptible. 
'Symbols: A, acetic acid; B, butyric acid; IV, isovaleric acid; P, propionic acid; PA, phenylacetic acid; S, succinic acid. 


tube indole testis recommended. Commercial API ZYM and API 
rapid ID 32 A test kits (bioMérieux) and individual Rosco diag- 
nostic tablets (Rosco) can be useful for examining biochemical 
characteristics. A heavy inoculum from young (2-3 d) cultures 
should be used for biochemical testing to avoid poor reproduc- 
ibility of reactions. The enzyme profiles generated by the API 
ZYM test kit (bioMérieux) proved to be most useful in distin- 
guishing the Alistipes species from each other. For demonstration 
of carbohydrate fermentation, prereduced, anaerobically steril- 
ized (PRAS) peptone-yeastsugar broth tubes, with or without 
additional supplements, are used, but results can be affected by 
poor growth of Alistipes strains in liquid media. 


Differentiation of the genus Alistipes 
from other genera 


Characteristics that differentiate Alistipes from related taxa 
within the phylum Bacteroidetes (previously referred to as the 


“Cytophaga—Flavobacteria—Bacteroides” phylum) are presented in 
Table 11. 


Taxonomic comments 


The genus Alistipes currently includes four validly published 
species, Alistipes putredinis and Alistipes finegoldii (Rautio et al., 
2003a, b), and Alistipes onderdonkii and Alistipes shahii (Song et al., 
2006). Phylogenetic analyses of the 16S rRNA gene sequence 
reveal further heterogeneity within the genus, since occasional 
strains that are phenotypically similar to but phylogenetically 
diverse from Alistipes species described in the current literature 
have been reported (Song et al., 2005, 2006). Also, preliminary 
results on bile-resistant, pigment-producing Alistipeslike organ- 
isms in ongoing studies by the authors (unpublished) revealed 
(among approximately 150 strains examined) several groups 
having a 16S rRNA gene sequence divergence of more than 3% 
compared to any known Alistipes species. 


List of species of the genus Alistipes 


1. Alistipes putredinis (Weinberg, Nativelle and Prévot 1937) 
Rautio, Eerola, Vaisanen-Tunkelrott, Molitoris, Lawson, Col- 
lins and Jousimies-Somer 2003b, 1701 (Effective publication: 
Rautio, Eerola, Vaisanen-Tunkelrott, Molitoris, Lawson, Col- 
lins and Jousimies-Somer 2003a, 186.) (Bacillus putredinis 
Weinberg, Nativelle and Prévot 1937, 755; Ristella putredinis 
Prévot 1938, 291; Bacteroides putredinis Kelly 1957, 420) 


put.re'di.nis. L. n. putredo -inis rottenness, putridity; L. gen. 
n. putredinis of putridity. 

The description is based on previous literature (Cato 
et al., 1979; Holdeman et al., 1984; Rautio et al., 2003a; 
Song et al., 2006). Surface colonies on supplemented Bru- 
cella sheep blood agar after incubation for 4 d are pinpoint 
to 0.5 x mm in diameter, circular, entire or slightly irregular, 
low convex, translucent, gray, dull, and smooth. Colonies 


do not produce pigment. No growth occurs in 20% bile. 
Although only traces of acid products can be detected in a 
6-d-old PYG broth (pH > 6), in a 24-h-old meat chopped car- 
bohydrate broth, the main acid detected is succinate. Cata- 
lase and indole are produced. The type strain, examined 
with the API ZYM and API rapid ID 32 A test kits, is positive 
for alkaline and acid phosphatases, esterase, esterase lipase, 
naphthol-AS-BI-phosphohydrolase, «-glucosidase, leucyl 
glycine, alanine, and serine arylamidases, glutamic decar- 
boxylase, and indole. Some characteristics of the species are 
listed in Table 12. 

DNA G+C content (mol96): 55 (HPLC). 

Type strain: ATCC 29800, CCUG 45780, CIP 104286, DSM 
17216. 

Sequence accession no. (16S rRNA gene): L16497. 
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2. Alistipes finegoldii Rautio, Eerola, Vaisanen-Tunkelrott, 
Molitoris, Lawson, Collins and Jousimies-Somer 2003b, 
1701” (Effective publication: Rautio, Eerola, Väisänen- 
Tunkelrott, Molitoris, Lawson, Collins and Jousimies-Somer 
2003a, 186.) 


fine.gold'i.i. N.L. gen. masc. n. finegoldii of Finegold; named 
after Sydney M. Finegold, an American contemporary 
researcher and clinician in recognition of his contribution 
to anaerobic bacteriology and infectious diseases. 


The description is based on previous literature (Rautio 
et al, 2003a, 1997; Song et al., 2006). Surface colonies 
on supplemented Brucella sheep blood agar after 4 d of 
incubation are pinpoint to 1.0 mm in diameter, circular, 
entire, raised, gray, translucent or opaque, and (weakly) p- 
hemolytic. Colonies are light brown to brown. No fluores- 
cence is observed under long-wave UV light (365 nm), but 
the colonies appear black. Esculin hydrolysis differs among 
strains. Acid is produced from glucose. The strains, exam- 
ined with the API ZYM and API rapid ID 32 A test kits , are 
positive for alkaline and acid phosphatases, esterase, esterase 
lipase, a-chymotrypsin, naphthol-AS-BI-phosphohydrolase, 
a-galactosidase, B-galactosidase, a-glucosidase, N-acetyl-B- 
glucosaminidase, a-fucosidase, leucyl glycine, alanine, and 
glutamyl glutamic arylamidases, and indole. Some character- 
istics of the species are listed in Table 12. 

DNA G+C content (mol96): 57 (HPLC). 

Type strain: AHN 2437, CCUG 46020, CIP 107999, DSM 
17242. 

Sequence accession no. (16S rRNA gene): AJ518874. 


3. Alistipes onderdonkii Song, Kónónen, Rautio, Liu, Bryk, 
Eerola and Finegold 2006, 1988V* 


on.der.don'ki.i. N.L. gen. masc. n. onderdonkii of Onderdonk; 
named after Andrew B. Onderdonk, a contemporary Ameri- 
can microbiologist, for his contribution to increased knowl- 
edge about the intestinal microbiota and anaerobic bacteria. 


The description is based on the investigation of 15 strains 
(Song et al., 2006). Cells are 0.2-0.5 um x 0.5-3 um. Surface 
colonies on supplemented Brucella sheep blood agar after 4 
d are pinpoint to 0.8 mm in diameter, circular, entire, con- 
vex, opaque, gray, and (weakly) B-hemolytic. Colonies are 
light brown to brown. No fluorescence is observed under 
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long-wave UV light (365 nm), but the colonies appear black. 
Grows in the presence of 20% bile. Indole positive. Catalase 
negative. Esculin hydrolysis differs among strains. Acid is pro- 
duced from glucose. When tested by the API rapid ID 32 A 
system (bioMeriéux), mannose and raffinose are fermented. 
The strains, examined with the API ZYM and API rapid ID 
32A test kits, are positive for alkaline and acid phosphatases, 
esterase, esterase lipase, naphthol-AS-BI-phosphohydrolase, 
a-galactosidase, f-galactosidase, o-glucosidase, MN-acetyl-B- 
glucosaminidase, leucyl glycine, alanine, and glutamyl glu- 
tamic arylamidases, and indole. Some characteristics of the 
species are listed in Table 12. 

DNA G+C content (mol96): 56 (HPLC). 

Type strain: WAL 8169, ATCC BAA-1178, CCUG 48946. 

Sequence accession no. (16S rRNA gene): AY974071. 


4. Alistipes shahii Song, Kónónen, Rautio, Liu, Bryk, Eerola 
and Finegold 2006, 1999V* 


sha'hi.i. N.L. gen. masc. n. shahii of Shah; to honor Haroun 
N. Shah, a contemporary British microbiologist for his con- 
tributions to anaerobic bacteriology. 


The description is based on the investigation of six strains 
(Song et al., 2006). Cells are 0.1-0.2 um x 0.6-4 um. Surface 
colonies on supplemented Brucella sheep blood agar after 4 
dare pinpoint to 1.0 mm in diameter, circular, entire, convex, 
opaque, gray, and (weakly) B-hemolytic. Colonies are light 
brown to brown. No fluorescence is observed under long-wave 
UV light (365 nm), but the colonies appear black. Grows in 
the presence of 20% bile. Indole positive. Catalase negative. 
Esculin is hydrolyzed. Acid is produced from glucose. When 
tested by the API rapid ID 32 A system (bioMeriéux), man- 
nose and raffinose are fermented. The strains, examined with 
the API ZYM and API rapid ID 32 A test kits (bioMeriéux), 
are positive for alkaline and acid phosphatases, esterase, 
esterase lipase, naphthol-AS-BI-phosphohydrolase, o-galacto- 
sidase, B-galactosidase, a-glucosidase, B-glucosidase, N-acetyl- 
P-glucosaminidase, a-fucosidase, leucyl glycine, alanine, and 
glutamyl glutamic arylamidases, and indole. Some character- 
istics of the species are listed in Table 12. 

DNA G+C content (mol % ): 58 (HPLC). 

Type strain: WAL 8301, ATCC BAA-1179, CCUG 48947. 

Sequence accession no. (16S rRNA gene): AY974072. 
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Family IV. Porphyromonadaceae fam. nov. 


Noe. R. KRIEG 


Por.phy.ro.mo.na.da.ce’a.e. N.L. fem. n. Porphyromonas type genus of the family; suff. -aceae ending to 
denote a family; N.L. fem. pl. n. Porphyromonadaceae the Porphyromonas family. 


The family Porphyromonadaceae is a phenotypically diverse 
group of genera that was circumscribed for this volume 
on the basis of phylogenetic analysis of 16S rRNA gene 
sequences. The family contains the genera Porphyromonas 
(type genus), Barnesiella, Dysgonomonas, Paludibacter, Petrimo- 
nas, Proteiniphilum, and Tannerella. In addition, Parabacteroi- 
des, which was described after the deadline for this volume 


should be classified within this family (Sakamoto and Benno, 
2006; Sakamoto et al., 2007a). All are nonmotile rods that 
stain Gram-negative. Except as noted below, strict anaerobes 
and saccharolytic. Some characteristics that differentiate the 
genera are given in Table 13. 

Type genus: Porphyromonas Shah and Collins 1988, 129” 
emend. Willems and Collins 1995, 580. 


TABLE 13. Some characteristics that differentiate the genera of the family Porpyromonadaceae* 


Characteristic Porphyromonas | Barnesiella | Dysgonomonas Paludibacter Petrimonas — Proteiniphilum Tannerella 
Cell shape Short rods or Rods Coccobacilli Rods with Rods Rods Fusiform cells 
coccobacilli to short rods ends usually 
round to slightly 
tapered 
Growth in the = = + = nt = = 
presence of bile 
Can grow aerobically - - * = = = = 
N-Acetylglucosamine = = = = = = +, except bite wound 
required for isolates 
growth 
Saccharolytic —; Some species + + + + 2 + 
are weakly 
positive 
Products of glucose Butyric and Acetic Propionic, Acetic and Acetic acid na Acetic, butyric, 
fermentation: acetic acids; and lactic, and propionic acids; and H, isovaleric, propionic, 
propionic, succinic succinic acids succinic acid is a I and phenylacetic acids; 
isovaleric, acids minor product smaller amounts of 
isobutyric, and isobutyric and succinic 
phenylacetic acids may be produced 
acids may also 
be produced 
Predominant MK-9, MK-10 MK-11, nt MK-8 MK-8 nt MK-10, MK-11 
menaquinone MK-12 
Isolated from: Oralinfections Chicken Human Rice plant Oilfield UASB reactor Human subgingival, 
and various cecum clinical residue (rice well head treating gingival, and 
other clinical specimens and straw) collected brewery periodontal pockets, in 
specimens of stools from irrigated wastewater dental root canals, and 
human and rice-field soil around infected dental 
animal origin implants 
DNA G«C content 44—55 52 38 39 41 47-49 44-48 


(mol%) 


“Symbols: +, >85% positive; —, 0-15% positive; w, weak reaction; na, not available; nt, not tested. 
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Genus I. Porphyromonas Shah and Collins 1988, 129’? emend. Willems and Collins 1995, 580. 


PAULA SUMMANEN AND SYDNEY M. FiNEGOLD 


Por.phy.ro.mo'nas. Gr. adj. porphyreos purple; Gr. n. monas unit; N.L. fem. n. Porphyromonas porphyrin 


cell. 


Short rods or coccobacilli, 0.3-1 x 0.8-3.5 um. Gram-negative, 
non-sporeforming, and nonmotile. Obligately anaerobic. Gen- 
erally cells form brown to black colonies on blood agar due to 
protoheme production. Most species are asaccharolytic: growth 
is not significantly affected by carbohydrates but is enhanced 
by protein hydrolysates such as proteose peptone or yeast 
extract. Major fermentation products are usually n-butyric acid 
and acetic acid; propionic, isovaleric, isobutyric, and phenyla- 
cetic acid may also be produced. The major cellular fatty acid 
is 13-methyltetradecanoic acid (C,., iso). Indole is produced 
by most strains. Nitrate is not reduced to nitrite. Esculin is not 
hydrolyzed. Most species do not hydrolyze starch. Isolated from 
oral infections and various other clinical specimens of human 
and animal origin. 

DNA G+C content (mol96): 40-55 (T. ). 

Type species: Porphyromonas asaccharolytica (Holdeman and 
Moore 1970) Shah and Collins 1988, 128°" [ Bacteroides asaccharo- 
lyticus (Holdeman and Moore 1970) Finegold and Barnes 1977, 
390; Bacteroides melaninogenicus subsp. asaccharolyticus Holdeman 
and Moore 1970, 33]. 


Further descriptive information 


Cell morphology. Most cells in broth cultures are small (0.3— 
1.0 x 0.8-8.5 um); however, occasionally longer cells and fila- 
ments (25 um) may be formed. Cells from growth on a solid 
medium are commonly shorter and can appear spherical. 


Cell-wall composition. The cell-wall peptidoglycan contains 
lysine as the diamino acid. 2-Keto-3-deoxyoctulosonic acid is 
absent. The principal respiratory quinones are unsaturated 
menaquinones with 9 or 10 isoprene units. Both nonhydroxy- 
lated and 3-hydroxylated fatty acids are present. The nonhy- 
droxylated fatty acids are predominantly methyl-branched-chain 
fatty acids. The predominant fatty acid is C; iso; a few species 
contain comparable amounts of C; iso and C,., anteiso acids. 
The 3-hydroxylated fatty acids are generally straight-chain sat- 
urated fatty acids. Information on the fatty acid content and 
cell wall composition can be found in Collins et al. (1994) and 
Brondz and Olsen (1991). 


Colony morphology. Colonies on blood agar plates are usu- 
ally round, entire, smooth (occasionally rough), shiny, convex, 
and 0.5-3 mm in diameter. The colonies of all but one species 
(Porphyromonas catoniae) are pigmented. The black pigmenta- 
tion of Porphyromonas is caused by the accumulation of hemin 
used as an iron source for bacterial growth. The species vary in 
the degree and rapidity of pigment production depending pri- 
marily on the type of blood used in the growth medium. Laked 
rabbit blood agar is considered the most reliable medium for 
detecting the pigment. The pigmentation ranges from tan to 
black and may take several days to develop. 


Growth conditions. The optimum temperature for growth is 
37°C. Porphyromonas species favor a slightly alkaline environ- 
mental pH and 100% humidity. Hemin and vitamin K, are 
either required or greatly stimulate the growth of most species. 


Although some species are weakly saccharolytic, their growth 
is not significantly affected by carbohydrates. Nitrogenous sub- 
stances, such as proteose peptone, trypticase, and yeast extract 
markedly enhance growth. 


Metabolism and metabolic pathways. Malate dehydrogenase 
and glutamate dehydrogenase are present; glucose-6-phos- 
phate dehydrogenase and 6-phosphogluconate dehydrogenase 
are absent from most species. Proteolytic activity is variable. 
The strains have a limited ability to ferment amino acids such 
as aspartate and asparagine. 


Genetics. Porphyromonas forms a distinct phylogenetic group, 
and 16S rRNA gene sequencing can be reliably used to differen- 
tiate Porphyromonas from other genera and from each other, with 
the exception of Porphyromonas asaccharolytica and Porphyromonas 
uenonis, where DNA-DNA reassociation studies are required to 
distinguish these two species genetically. 

The genome of Porphyromonas gingivalis has been sequenced 
and studied by the Forsyth Institute and The Institute for 
Genomic Research (TIGR) (Nelson et al., 2003). The genome 
size of this species was determined to be 2176 kb from Xbal 
restriction enzyme digests and 2250 kb from Spel digests. Infor- 
mation and a schematic representation of the Porphyromonas 
gingivalis W83 genome can be found at www.tigr.org. Compara- 
tive analysis of the whole-genome sequence with other available 
complete genome sequences confirmed the close relationship 
between the phylum Bacteroidetes | Cytophaga—Flavobacteria—Bacte- 
roides (CFB)] and the green sulfur bacteria. Within the phylum 
“Bacteroidetes” the genomes of Bacteroides thetaiotaomicron and 
Bacteroides fragilis were most similar to that of Porphyromonas 
gingivalis. The genome analysis revealed a range of virulence 
determinants that relate to the novel biology of this bacterium. 
It also revealed that Porphyromonas gingivalis can metabolize a 
range of amino acids and generate end products that are toxic 
to the human host. 


Antibiotic susceptibility. Porphyromonas species are generally 
very susceptible to most of the antimicrobial agents commonly 
used for treatment of anaerobic infections, such as amoxicil- 
lin-clavulanate, piperacillin-tazobactam, ampicillin-sulbactam, 
imipenem, cephalosporins, and metronidazole. B-Lactamase 
production has been described in Porphyromonas asaccharolytica 
(Aldridge et al., 2001), Porphyromonas catoniae (Kononen et al., 
1996), Porphyromonas somerae (Summanen et al., 2005), and 
Porphyromonas uenonis (Finegold et al., 2004). The frequency 
of B-lactamase production has been reported at approximately 
20%. Animal-derived Porphyromonas species are more often 
B-lactamase producers than those derived from humans. Occa- 
sional resistance to clindamycin and ciprofloxacin may occur 
in Porphyromonas asaccharolytica and Porphyromonas somerae; also, 
ciprofloxacin resistance of Porphyromonas gingivalis has been 
reported (Lakhssassi et al., 2005). 


Pathogenicity. Some species are considered true pathogens 
and are associated with human or animal infections. In par- 
ticular, Porphyromonas gingivalis is a major causative agent in the 
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initiation and progression of severe forms of periodontal disease. 
Porphyromonas gingivalis possesses a multitude of cell-surface asso- 
ciated and extracellular activities that contribute to its virulence 
potential. Several of these factors are adhesins that interact with 
other bacteria, epithelial cells, and extracellular matrix proteins. 
Secreted or cell-bound enzymes, toxins, and hemolysins play a 
significant role in the spread of the organism through tissue, in 
tissue destruction, and in evasion of host defenses. 


Ecology. Several of the members of Porphyromonas are 
indigenous bacterial flora in the oral cavity of humans and ani- 
mals. Many species are also found in the urogenital and intes- 
tinal tracts. Porphyromonas species have been isolated from oral 
infections, and from many infections throughout the body, e.g., 
blood, amniotic fluid, umbilical cord, pleural empyema, peri- 
toneal and pelvic abscesses, inflamed endometrium, and other 
infected tissues. Porphyromonas species of animal origin have 
been encountered in humans with animal bite infections. 


Enrichment and isolation procedures 


A complex medium containing peptone, yeast extract, vitamin K, 
and hemin, and supplemented with 5% blood is recommended 
for isolation of Porphyromonas from body sites. Fresh or prereduced 
media (commercially available from Anaerobe Systems, Morgan 
Hill, California) are recommended, as they increase isolation effi- 
cacy. For determination of pigmentation, rabbit blood (laked) is 
preferable to blood from other animals. Kanamycin-vancomycin 
laked-blood agar with reduced vancomycin concentration (2 ug/ 
ml) may be used as a selective medium when Porphyromonas spe- 
cies are sought (Jousimies-Somer et al. 2002). Formulas for basal 
media are given in Jousimies-Somer et al. (2002). 

Inoculated media should immediately be placed in an anaer- 
obic environment, such as an anaerobic pouch, jar, or chamber. 
If anaerobic systems utilizing palladium catalysts are used, the 
anaerobic gas mixture must contain hydrogen to enable the 
palladium to reduce oxygen to water. The plates may be exam- 
ined after a 48-h incubation. However, a total incubation period 
of at least 7 d is recommended, because not all Porphyromonas 
species may be detected with shorter incubation times. 
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Maintenance procedures 


Isolates can be put into stock from broth or plate cultures. 
Freezing at —70°C or lyophilization of young cultures grown in 
a well-buffered liquid or solid medium is satisfactory for storage 
of Porphyromonas species. Storage of lyophilized cultures at 4°C 
is recommended. Even with the best storage conditions, only 
a portion of the original cell population survives. Therefore, a 
large inoculum in a supportive medium and minimal exposure 
to oxygen are recommended for the recovery of viable cultures 
from stored material. 

To maintain stock strains in the laboratory, it is advisable to 
transfer them weekly in chopped meat medium or other suitable 
medium that does not contain a fermentable carbohydrate. 


Differentiation of the genus Porphyromonas 
from other genera 


The pigmented Porphyromonas species can be differentiated 
from other anaerobic, Gram-stain-negative genera with relative 
ease (Table 14). The special-potency antibiotic disks (vanco- 
mycin, 5 ug; kanamycin, 1000 ug; and colistin, 10 ug) can be 
used to separate the Gram-stain-negative genera: Porphyromonas 
species are generally sensitive to vancomycin and resistant to 
kanamycin and colistin, whereas the other Gram-stain-negative 
genera are resistant to vancomycin and vary in their resistance 
to kanamycin and colistin. 

A distinctive feature of the porphyromonads is that the 
predominant fatty acid is 13-methyltetradecanoic acid (Czo 
iso); by contrast, Bacteroides and Prevotella contain 12-methyl 
tetradecanoic acid (C,., anteiso) as their major cellular fatty 
acid. Bacteroides and Prevotella also produce a simpler meta- 
bolic end product profile of mainly acetic and succinic acids 
(Table 14). 


Taxonomic comments 


The taxonomy of pigmented Gram-negative bacilli has 
changed greatly since the first edition of Bergey’s Manual of 
Systematic Bacteriology. The genus Porphyromonas was created in 
1988 (Shah and Collins, 1988), and since then some species 


TABLE 14. Differentiation of the genus Porphyromonas from other anaerobic Gram-negative rods? 


Characteristic Porphyromonas? Alistipes* Bacteroides? Prevotella Rikenella Tannerella 
Susceptibility to:° 

Vancomycin (5 ug) S R R R R R 

Kanamycin (1000 ug) R R R R S S 

Colistin (10 ug) R R R D R 5 
Pigment + + = D = = 
Growth in 20% bile _ + + _ + _ 
Proteolytic activity D + = D _ + 
Major metabolic end products from PYG! A, B, iV S A,S A,S P.S A, S, PA 
Major long-chain fatty acids Cj, 1S0 Ci 5. iso Cs anteiso Cs. anteiso C, 1S0 Cs. anteiso 
DNA G+C (mol%) 40-55 55-58 40-48 39-60 60-61 44-48 


“4, 90% or more of the strains are positive; — 10% or more of the strains are negative; D, different reaction in different species. 


P" Porphyromonas catoniae does not produce pigment, is vancomycin-resistant, and fermentative. 


“Alistipes putredinis does not produce pigment, is susceptible to bile, and nonfermentative. 


“Bacteroides sensu stricto. 


“Special potency antimicrobial identification disks; R, resistant; S, susceptible; D, differs among species. 


‘A, acetic acid; B, butyric acid; iV, isovaleric acid; P, propionic acid; PA, phenylacetic acid; S, succinic acid. 
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previously included in the genus Bacteroides (Porphyromonas 
gingivalis, Porphyromonas asaccharolytica, Porphyromonas endodon- 
talis, Porphyromonas levii, and Porphyromonas macacae) were 
reclassified as Porphyromonas species, and several new species 
described. Porphyromonas now includes 16 validly published 
species. Porphyromonas salivosa is a later heterotypic synonym 
of Porphyromonas macacae (Love, 1995). 

The porphyromonads form a natural, but deep, phyloge- 
netic group (Figure 17). The species exhibit levels of 16S rRNA 
sequence divergence of up to 15%. Phylogenetically, the closest 
related species to Porphyromonas are found in the genera Bacte- 
roides and Prevotella (approx. 82-89% similarity). 


Differentiation of species of the genus Porphyromonas 


With the exception of Porphyromonas catoniae, Porphyromonas 
species form a phenotypically homogeneous group: they are 
pigmented, sensitive to the special-potency vancomycin disk, 
and produce butyric acid as the major metabolic end product. 
Porphyromonas catoniae differs in all these aspects. The character- 
istics useful in differentiating the species are given in Table 15. 
Numerous PCR-based identification or detection systems 
have been described for Porphyromonas gingivalis and Porphyromo- 
nas endodontalis (de Lillo et al., 2004; Fouad et al., 2002; Gomes 
et al., 2005; Jervoe-Storm et al., 2005; Kuboniwa et al., 2004; 
Kumar et al., 2003; Noguchi et al., 2005; Seol et al., 2006). 


List of species of the genus Porphyromonas 


1. Porphyromonas asaccharolytica (Holdeman and Moore 
1970) Shah and Collins 1988, 129°? (Bacteroides asaccharo- 
lyticus (Holdeman and Moore 1970) Finegold and Barnes 
1977, 390^; Bacteroides melaninogenicus subsp. asaccharolyticus 
Holdeman and Moore 1970, 33) 


a.sac.cha.ro.ly’ti.cus. Gr. pref. a not; Gr. n. sakchársugar; N.L. 
fem. adj. lytica (from Gr. fem. adj. lutiké) able to loosen, able 
to dissolve; N.L. fem. adj. asaccharolytica not digesting sugar. 


The description is from Shah and Collins (1988) and 
Holdeman et al. (1984). Proteolytic activity is weak, but 
gelatin liquefaction is positive and fibrinolytic activity is 
present. Starch is not hydrolyzed. Growth is stimulated by 
0.5% NaCl. Cellular and colonial morphology and other 
characteristics are as described for the genus and as given in 
Table 15. Porphyromonas asaccharolytica can be distinguished 
from Porphyromonas uenonis by phenotypic tests (Table 15); 
however, DNA-DNA reassociation studies are required to 
distinguish these two species genetically. Susceptible to 
piperacillin-tazobactam, ampicillin-sulbactam, imipenem, 
meropenem, trovafloxacin, and metronidazole. Most strains 
(290%) are susceptible to cefoxitin, ciprofloxacin, and clin- 
damycin. B-Lactamase production has been described in 
Porphyromonas asaccharolytica at the rate of 21% (Aldridge 
etal., 2001). 

Source: various human clinical infections. 

DNA G+C content (mol % ): 52-54 (T) 

Type strain: ATCC 25260, CCUG 7834, DSM 20707, JCM 
6326, LMG 13178, L16490, VPI 4198. 

Sequence accession no. (16S rRNA gene): L16490. 


2. Porphyromonas cangingivalis Collins, Love, Karjalainen, 
Kanervo, Forsblom, Willems, Stubbs, Sarkiala, Bailey, Wigney 
and Jousimies-Somer 1994, 676V* 


can.gin.gi.val'is. L. n. canis dog; L. n. gingiva gum; L. fem. 
suff. -alis suffix denoting pertaining to; N.L. fem. adj. cangin- 
givalis pertaining to the gums of dogs. 

The description is from Collins et al. (1994). In cooked- 
meat carbohydrate medium and on sheep blood agar plates 
cells are 0.3-0.6 x 0.8-1.5 um and occur singly and in clumps; 
occasionally filaments up to 16 um long are observed. Some 
strains indent agar, exhibit peripheral flattening, and have 
a roughened and dry surface appearance on sheep blood 
agar. On egg yolk agar, colonies are yellow or orange. 
After incubation of 5 d, the pH range in media containing 


carbohydrates generally is 6.3-6.5. Ammonia is produced 
in cooked meat medium. Neither lactate nor threonine is 
converted to propionate, and pyruvate is not utilized. Other 
characteristics are as described for the genus and as given in 
Table 15. Some strains are susceptible to penicillin, amoxicil- 
lin, carbenicillin, and erythromycin; 35% of the strains pro- 
duce f.-lactamase. 

Source: diseased or healthy periodontal pockets of dogs 
with naturally occurring periodontitis. 

DNA G+C content (mol % ): 55 (T). 

Type strain: ATCC 700135, CCUG 47700, NCTC 12856, 
VPB 4874, X76259. 

Sequence accession no. (16S rRNA gene): X76259. 


3. Porphyromonas canoris Love, Karjalainen, Kanervo, Fors- 
blom, Willems, Stubbs, Sarkiala, Bailey, Wigney and Jousi- 
mies-Somer 1994, 207°? 


can'oris. L. n. canis dog; L. gen. n. oris of the mouth; N.L. 
gen. n. canoris of a dog’s mouth. 


The description is from Love etal. (1994). In cooked-meat 
carbohydrate medium and on sheep blood agar plates cells 
are 0.3-0.6 x 0.8-1.5 um and occur singly and in clumps; 
occasionally filaments up to 16 um long are observed. On 
sheep blood agar, colonies at 48 h are circular and rough, 
and have an orange pigmentation. After incubation of 5 d, 
the pH range in media containing carbohydrates is 6.3-6.5. 
Ammonia is produced in cooked meat medium. Lactate is 
converted to propionate, but pyruvate is not utilized and 
threonine is not converted to propionate. Other characteris- 
tics are as described for the genus and as given in Table 15. 
Strains are susceptible to penicillin, amoxicillin, carbenicil- 
lin, and erythromycin. 

Source: subgingival pockets of dogs with naturally occur- 
ring periodontitis. 

DNA G+C content (mol % ): 49-51 (T). 

Type strain: CCUG 36550, CIP 104881, JOM 11138, NCTC 
12835, VPB 4878. 

Sequence accession no. (16S rRNA gene): X76261. 


4. Porphyromonas cansulci Collins, Love, Karjalainen, Kan- 
ervo, Forsblom, Willems, Stubbs, Sarkiala, Bailey, Wigney 
and Jousimies-Somer 1994, 678°" 
can.sul'ci. L. n. canis dog; L. gen. n. sulci of a furrow; L. gen. 
n. cansulci of a dog's furrow, referring to the habitat in the 
mouths of dogs. 
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Bacteroides cellulosolvens ATCC 35603! (L35517) 
Capnocytophaga gingivalis ATCC 33624' (L14639) 
Coenonia anatina LMG 143827 (Y17612) 
Alistipes putredenis ATCC 29800' (L16497) 
Rikenella microfusus ATCC 29728! (L16498) 
Bacteroides splanchnicus NCTC 10825! (L16496) 
Tannerella forsythia JCM 10827' (L16495) 


Porphyromonas uenonis ATCC BAA-906! (AY570514) 
Porphyromonas asaccharolytica ATCC 25260! (L16490) 
Porphyromonas endodontalis ATCC 35406! (L16491) 
Porphyromonas gingivicanis ATCC 55562! (DQ677835) 
Porphyromonas circumdentaria NCTC 12469" (L26102) 
Porphyromonas catoniae ATCC 51270! (X82823) 
Porphyromonas somerae ATCC BAA-1230' (AY968205) 
Porphyromonas levii ATCC 29147! (L16493) 
Porphyromonas cangingivalis VPB 4874! (X76259) 
Porphyromonas canoris NCTC 12835! (X76261) 
Porphyromonas macacae ATCC 33141! (L16494) 
Porphyromonas salivosa NCTC 11632! (L26103) 
Porphyromonas crevioricanis ATCC 55563! (DQ677836) 
Porphyromonas cansulci VPB 4875! (X76260) 
Porphyromonas gulae ATCC 51700! (AF208290) 
Porphyromonas gingivalis ATCC 33277" (L16492) 
Parabacteriodes distasonis ATCC 8503! (M86695) 
Parabacteroides merdae ATCC 43184! (X83954) 
Dysgonomonas capnocytophagoides CCUG 17996! (U41355) 
Dysgonomonas mossii CCUG 43457! (AJ319867) 
Dysgonomonas gadei CCUG 42882" (Y18530) 
Paludibacter proprionicigenes JCM 13257! (AB078842) 
Proteiniphilum acetatigenes JCM 12891! (AY742226) 
Bacteroides fragilis ATCC 25285" (M11656) 
Bacteroides caccae ATCC 43185! (X83951) 
Bacteroides acidofaciens A40' (AB021164) 
Bacteroides ovatus NCTC 11153'(L16484) 
Bacteroides salyersiae ATCC BAA-997! (AY608696) 
Bacteroides thetaiotaomicron ATCC 29148" (L16489) 
Bacteroides nordii ATCC BAA-998' (AY608697) 
Bacteroides stercoris ATCC 43183! (X83953) 
Bacteroides eggerthii NCTC 11155" (L16485) 
Bacteroides uniformis ATCC 8492" (L16486) 
Bacteroides tectus JCM 10003! (AB200228) 
Bacteroides pyogenes JCM 6294! (AB200229) 
Bacteroides helcogenes JCM 6297! (AB200227) 
[Bacteroides] heparinolytica ATCC 35895! (L16487) 
[Bacteroides] zoogleoformans ATCC 33285" (L16488) 
Bacteroides vulgatus ATCC 8482! (M58762) 
Bacteroides massiliensis! (AY126616) 
Bacteroides plebeius M12! (AB200217) 
Bacteroides coprocola M16" (AB200224) 
Bacteroides coprosuis CCUG 50528! (AF319778) 
Prevotella tannerae ATCC 51259" (AJ005634) 
Prevotella brevis ATCC 19188" (AJ011682) 
Prevotella ruminicola ATCC 19189" (L16482) 
Prevotella bryantii DSM 113717 (AJ006457) 
Prevotella albensis DSM 11370" (AJ011683) 
Prevotella corporis ATCC 33547' (L16465) 
Prevotella disiens ATCC 29426! (L16483) 
Prevotella nigrescens ATCC 33563! (L16471) 
Prevotella intermedia ATCC 256117 (L16468) 
Prevotella pallens AHN 10371! (Y13105) 
Prevotella bivia ATCC 33574 (L16475) 
Prevotella melaninogenica ATCC 25845! (L16469) 
Prevotella veroralis ATCC 33779" (L16473) 
Prevotella oulora ATCC 43324! (L16472) 
Prevotella salivae JCM 12084" (AB108826) 
Prevotella oris ATCC 33573! (L16474) 
Prevotella multiformis JCM 12541" (AB182483) 
Prevotella denticola ATCC 33185" (L16466) 
Prevotella baroniae E9.33" (AY840553) 
Prevotella buccae ATCC 33690" (L16478) 
Prevotella multisaccharivorax JCM 12954! (AB200414) 
Prevotella bergensis W3326! (AY350613) 
Prevotella buccalis ATCC 35310' (L16476) 
Prevotella enoeca ATCC 51261" (AJ005635) 
Prevotella oralis ATCC 33269" (L16480) 
Prevotella marshii E9.34! (AF481227) 
— Prevotella shahii JCM 12083! (AB108825) 
Prevotella loescheii ATCC 15930" (L16481) 


FIGURE 17. Unrooted tree showing the phylogenetic position of Porphyromonas within the Bacteroides subgroup of the Bacteroidetes ( Cytophaga— 
Flavobacter-Bacteroides) phylum. The tree was constructed by the maximum-parsimony method and is based on a comparison of approximately 
1400 nt. Bootstrap values, expressed as a percentage of 1000 replications, are given at the branching points. The scale bar indicates 176 sequence 
divergence. Courtesy of Paul A. Lawson. 
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TABLE 15. Differentiation of the species of the genus Porphyromonas* 


8 8 
ES .4 E T 
$ E š E š E S 
S E A 8 Š 8 S = a S $ i ° 
x E ES 3 š Ë Ë S Š Š Š S š 
Š & E š š š Š 32 & '& Š z š š 2 
s 3 g š E S E 3 E E u š S E š 
š š š š š 8 Š š Bo Bo Bo E Ë S š 
Characteristic R4 R4 R4 R4 R4 R4 R4 R4 R4 R4 RI x x x x 
Pigment 
. + + + _ + + + + + + + + + + 
production 
Fluorescence + _ + + _ + + + _ + _ d _ d + 
Hemagglutinin 
a na = + _ + _ + _ _ na na 
activity 
Indole + + + + _ + + + + + + _ + _ + 
Catalase _ + + + _ + _ _ _ + + _ + = = 
Lipase 4 z - 
Preformed enzyme activ- 
ity:> 
a-Fucosidase + _ _ _ + 
a-Galactosidase d T _ = 
p-Galactosidase _ _ + _ + : + + =£ + = 
NAcetyl-B- 
nd on = - + = + = x - + z + + + + d 
glucosaminidase 
Chymotrypsin _ + + _ d + na + d + = 
Trypsin d _ _ _ + m + - + = = 
Fermentation of: ° 
Glucose + w w w ES 
Lactose + w w w = 
Maltose + w = w z 
Glucose-6- 
phosphate and 
6-phosphoglucon- — + + _ + na d d na na 
ate dehydroge- 
nases present 
Major long-chain Ciso Ciso Ciso Ciso “15:0 Ciso Ciso Ciso “15:0 “15:0 na Ciso Ciso Ciso Ciso 
fatty acids iso iso iso iso iso, iso iso iso iso iso iso, iso iso, C,, iso 
Cis, Gii anteiso 
anteiso anteiso 
Metabolic end AP Ap AP A,P a Pi AP Ap A,P, AP Ap A,P, A, P, A, P, A, P, A, P, 
products ib B, ib,B, ib,b, ib,B, LS ib b, ib,B, ib,B, ib,B, ib,B, ib,B, ib,B, ib,B, ib,B, ib,B, 
from PYG? IV, s IV IV,s IV,S, IV,s, IV, IV, s IV, s, IV, s IV, s, IV, s IV, s, IV, s IV, s 
pa pa pa pa pa pa 


“+, 90% or more of the strains are positive; — 10% or more of the strains are negative; d, 11-89% of the strains are positive; w, weak positive reaction; na, data not avail- 
able. 

PReaction by API ZYM System or Rosco Diagnostic tablets. Reactivity in these systems is not always identical (see footnote f). 

‘Fermentation of most other carbohydrates have been reported negative. 

*Upper-case letters indicate major metabolic products from peptone-yeast-glucose (PYG), lower-case letters indicate minor products, and parentheses indicate a vari- 
able reaction for the following acids: A, acetic; P, propionic; IB, isobutyric; B, butyric; IV, isovaleric; V, valeric; L, lactic; S, succinic; PA, phenylacetic. 

*Porphyromonas salivosa is a later heterotypic synonym. The cat biovar (Porphyromonas salivosa) is lipase-positive, does not ferment sorbitol, and may fluoresce under UV 
light. 

‘Negative by the API ZYM System; positive with the Rosco o-nitrophenyl-B-p-galactopyranoside test. 


The description is from Collins et al. (1994). On egg yolk DNA G«C content (mol96): 49-51 (T). 
agar, colonies may be yellow or orange. After incubation of Type strain: CCUG 47702, NCTC 12858, VPB 4875. 
5 d, the pH range in media containing carbohydrates is 6.3— Sequence accession no. (16S rRNA gene): X76260. 
6.5. Ammonia is produced in cooked-meat medium. Neither Taxonomic note: Strain ATCC 55563" of Porphyromonas cre- 
lactate nor threonine is converted to propionate and pyru- vioricanis Hirasawa and Takada 1994, 640%? exhibits 99.9% 
vate is not utilized. Other characteristics are as described for rRNA gene sequence homology with Porphyromonas cansulci 
the genus and as given in Table 15. Strains are susceptible 12858". The taxonomic standing of these two species remains 
to penicillin, amoxicillin, carbenicillin, and erythromycin. to be determined. 


b h: rs I — = b is e. Mera . 5. Porphyromonas catoniae (Moore and Moore 1994) Willems 
: p perio’ E DIS Oe els or dogs Wit natura y occur and Collins 1995, 581V* (Oribaculum catoniae Moore and 
ring periodontitis. Moore 1994, 189^) 


GENUS I. PORPHYROMONAS 67 


ca.to/ni.ae. N.L. gen. fem. n. catoniae of Cato, named in 
honor of Elizabeth P. Cato, an American microbiologist. 


The description is from Willems and Collins (1995) and 
Moore and Moore (1994). Cells grown in PYG broth are 
0.6 x 0.8-1.7 um and occur in pairs and short chains. Cells 
grown in media containing fermentable carbohydrate may be 
highly vacuolated. Surface colonies on blood agar plates incu- 
bated for 2 d are 0.2-2 mm in diameter, circular, entire, flat to 
low convex, and transparent. Most strains are not hemolytic 
on rabbit blood agar; an occasional strain may be beta-hemo- 
lytic. No colonies with a dark pigment are produced. Saccha- 
rolytic. Abundant growth occurs in peptone-yeast extract or 
PYG broth. Broth cultures are turbid with a smooth to fine 
granular sediment. The pH range of PYG broth cultures is 
5.0-5.5. Gelatin is hydrolyzed. Starch is hydrolyzed by most 
strains; some strains hydrolyze milk and meat. H,S is pro- 
duced by some strains. The major cellular fatty acids are C,, , 
iso and C; anteiso; substantial amounts of C,,, iso are also 
present. Sensitive to clindamycin and chloramphenicol. Two 
of 85 strains were resistant to erythromycin, one strain to tet- 
racycline, and six strains to penicillin. B-Lactamase producing 
strains have been described (Kononen et al., 1996). 

Source: gingival crevices of humans with gingivitis or perio- 
dontitis and from humans with healthy gingivae. 

DNA G+C content (mol?6): 49 (T). 

Type strain: XTCC 51270, CCUG 41358, NCTC 13056, VPI 
N3B-3. 

Sequence accession no. (168 rRNA gene): X82823. 


6. Porphyromonas circumdentaria Love, Bailey, Collings and 


Briscoe 1992, 435V* 


cir.cum.den.ta'ri.a. L. adv. and prep. circum around, about; 
L. fem. adj. dentaria pertaining to teeth; N.L. fem. adj. circum- 
dentaria referring to the isolation of the organism from the 
vicinity of the teeth. 


The description is from Love et al. (1992). In cooked-meat 
carbohydrate medium and on sheep blood agar plates cells 
are 0.3-0.6 x 0.8-1.5 um and occur singly, in clumps, and 
occasionally as filaments up to 10 um long. On sheep blood 
agar, surface colonies at 72 h are 1-2 mm in diameter, and 
greenish brown. Both colony size and pigment formation 
are enhanced by growth in the presence of Staphylococcus 
epidermidis. After incubation for 5 d, the pH range in media 
containing carbohydrates generally is 6.3-6.5. Ammonia is 
produced in cooked meat medium. Gelatin is hydrolyzed. 
Neither lactate nor threonine is converted to propionate, 
and pyruvate is not utilized. Other characteristics are as 
described for the genus and as given in Table 15. 

Source: soft tissue infections (abscesses and empyemas), 
gingival margins, and subgingival plaque of felines. 

DNA G+C content (mol % ): 40-42 (T. ). 

Type strain: ATCC 51356, CCUG 41934, JCM 13864, NCTC 
12469, VPB 3329. 

Sequence accession no. (16S rRNA gene): L26102. 


7. Porphyromonas crevioricanis Hirasawa and Takada 1994, 


640%" 

cre.vi.o.ri.ca'nis. N.L. gen. n. crevi (sic) of a crevice; L. gen. 
n. oris of the mouth; L. gen. n. canis of a dog; N.L. gen. n. 
crevioricanis of the crevice of a dog’s mouth. 


The description is from Hirasawa and Takada (1994). Cel- 
lular and colonial morphology and other characteristics are as 
described for the genus and as given in Table 15. Susceptible 
to penicillin, amoxicillin, sulbenicillin, and erythromycin. 

Source: gingival crevicular fluid obtained from beagles. 

DNA G+C content (mol % ): 44—45 (T). 

Type strain: NUM 402, ATCC 55563. 

Sequence accession no. (16S rRNA gene): DQ677836. 

Taxonomic note: Strain NCTC 12858" of Porphyromonas 
cansulci Collins et al. 1994, 678%? exhibits 99.9% rRNA gene 
sequence homology with Porphyromonas crevioricanis ATCC 
555637. The taxonomic standing of these two species remains 
to be determined. 


. Porphyromonas endodontalis (van Steenbergen, VanWinkel- 


hoff, Mayrand, Grenier and de Graaff 1984) Shah and Collins 
1988, 129°” (Bacteroides endodontalis van Steenbergen, Van- 
Winkelhoff, Mayrand, Grenier and de Graaff 1984, 119%) 


en.do.don'ta.lis. Gr. adv. endon within; Gr. n. odous -ontos tooth; 
L. fem. suff. -alis suffix denoting pertaining to; N.L. fem. adj. 
endodontalis pertaining to the inside of a tooth, within teeth. 


The description is from Shah and Collins (1988) van 
Steenbergen et al. (1984), and Holdeman et al. (1984). 
Protoheme is the major porphyrin produced, but protopor- 
phyrin is also present. Most strains produce colonies that 
adhere strongly to the agar plates, and growth in liquid 
media is slow. 

Gelatin is hydrolyzed. No proteolytic or collagenolytic 
activity is detected. Arginine is hydrolyzed; starch is not 
hydrolyzed. H,S is produced. Cellular and colonial morphol- 
ogy and other characteristics are as described for the genus 
and as given in Table 15. 

Specific primers based on 16S rRNA sequencing have 
been described for culture-independent identification of Por- 
phyromonas endodontalis (de Lillo et al., 2004). Similarly, the 
use of PCR amplification of 16S rDNA and the downstream 
intergenic spacer region (ISR) for culture-independent 
detection of periodontal pathogens revealed that Porphyromo- 
nas endodontalis was as strongly associated with periodontitis 
as Porphyromonas gingivalis (Kumar et al., 2003). 

Source: infected dental root canals, periodontal pockets, 
and other oral sites. 

DNA G«C content (mol96): 49-51 (T). 

Type strain: HG370, ATCC 35406, NCTC 13058. 

Sequence accession no. (16S rRNA gene): L16491. 


. Porphyromonas gingivalis (Coykendall, Kaczmarek and Slots 


1980) Shah and Collins 1988, 129%? (Bacteroides gingivalis 
Coykendall, Kaczmarek and Slots 1980, 559%) 


gin.gi.val'is. L. n. gingiva gum; L. fem. suff. -alis suffix denot- 
ing pertaining to; N.L. fem. adj. gingivalis pertaining to the 
gums, gingival. 

The description is from Shah and Collins (1988) and Holde- 
man etal. (1984). Protoheme is the major porphyrin produced, 
but traces of protoporphyrin also occur. Several amino acids, 
such as aspartate, arginine, cystine, histidine, serine, trypto- 
phan, leucine, methionine, phenylalanine, and isoleucine, are 
utilized. Proteases are present. Starch is not hydrolyzed. Cel- 
Iular and colonial morphology and other characteristics are as 
described for the genus and as given in Table 15. 
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10. 


11. 
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Porphyromonas gingivalis possesses a multitude of cell-surface- 
associated and extracellular activities, such as adhesins, secreted 
or cell-bound enzymes, toxins, and hemolysins that contribute 
to its virulence potential. Differences in the virulence exist, but 
the mechanisms underlying these differences are not yet fully 
understood. Multilocus sequence typing of Porphyromonas gin- 
givalis strains from different geographic origins showed high 
genetic diversity of the species (Enersen et al., 2006). 

Porphyromonas gingivalis is generally very susceptible 
to most of the antimicrobial agents commonly used for 
treatment of anaerobic infections, such as amoxicillin- 
clavulanate, piperacillin-tazobactam, ampicillin-sulbactam, 
imipenem, cephalosporins, and metronidazole. Ciprofloxa- 
cin resistance of Porphyromonas gingivalis has been reported 
(Lakhssassi et al., 2005). 

Porphyromonas gingivalisis considered a major periodontal 
pathogen and reported to be a cause of extraoral infections, 
such as lung abscesses and pulmonary infections. It has also 
been suggested that Porphyromonas gingivalis may contribute 
to the development of atheromas in cardiovascular disease. 

Source: infected dental root canals, periodontal pockets, 
and other oral sites. 

DNA G+C content (mol96): 46-48 (T). 

Type strain: 2561, ATCC 33277, CCUG 25893, CCUG 
25928, CIP 103683, DSM 20709, JCM 12257, NCTC 11834. 

Sequence accession no. (16S rRNA gene): L16492. 


Porphyromonas gingivicanis Hirasawa and Takada 1994, 
639%" 

gin.gi.vi.ca’nis. L. fem. n. gingiva gum; L. gen. n. canis of a 
dog; N.L. gen. n. gingivicanis of the gums of a dog. 

The description is from Hirasawa and Takada (1994). Cel- 
lular and colonial morphology and other characteristics are as 
described for the genus and as given in Table 15. Susceptible 
to penicillin, amoxicillin, sulbenicillin, and erythromycin. 

Source: gingival crevicular fluid obtained from beagles. 

DNA G+C content (mol % ): 41-42 (T). 

Type strain: NUM 301, ATCC 55562. 

Sequence accession no. (16S rRNA gene): DQ677835. 


Porphyromonas gulae Fournier, Mouton, Lapierre, Kato, 
Okuda and Menard. 2001, 1187” 


gu'lae. L. n. gula [animal] mouth; L. gen. n. gulae from the 
animal mouth, referring to its isolation from subgingival 
plaque of various animal hosts. 


The description is from Fournier et al. (2001). Por- 
phyromonas gulae encompasses the “animal Porphyromonas 
gingivalis’. Cellular and colonial morphology and other 
characteristics are as described for the genus and as given 
in Table 15. Twenty strains were susceptible to amoxicillin 
and amoxycillin/clavulanate. 

Source: subgingival plaque samples of various mammals, 
including cat, dog, coyote, wolf, bear, and non-human pri- 
mate, such as squirrel monkey and spider monkey. Porphy- 
romonas gulae is the most prominent species of the genus 
Porphyromonas to be found in the oral cavity of mammals. 

DNA G+C content (mol% ):51 (T.). 

Type strain: Loup 1, ATCC 51700, CCUG 47701, NCTC 
13180. 

Sequence accession no. (16S rRNA gene): AF208290. 


12. 


13. 


Porphyromonas levii (Johnson and Holdeman 1983) Shah, 
Collins, Olsen, Paster and Dewhirst 1995, 586” (Bacteroides 
levii Johnson and Holdeman 1983, 15°”) 


levi. N.L. gen. masc. n. levii of Lev, named after Meir Lev, 
the American-English microbiologist, who first isolated this 
organism. 


The description is from Shah et al. (1995), Holdeman 
etal. (1984), and Summanen etal. (2005). Cellular and colo- 
nial morphology and other characteristics are as described 
for the genus and as given in Table 15. Protoheme is the 
major porphyrin produced, but traces of protoporphyrin 
also occur. Succinate stimulates growth and can replace 
the requirement for heme. Few sugars, such as glucose and 
lactose, are weakly fermented. Glucose broth cultures are 
turbid with smooth sediment and a final pH of 5.5. Most 
other commonly occurring sugars, such as arabinose, cel- 
lobiose, melezitose, melibiose, raffinose, rhamnose, ribose, 
salicin, sucrose, trehalose, and xylose, are not fermented. 
Some amino acids, such as asparagine, tryptophan, pheny- 
lalanine, and glutamine, are utilized. Proteases are present. 
Starch is not hydrolyzed. 

Porphyromonas levii is genetically distant from Porphy- 
romonas somerae; however, these two species cannot readily 
be differentiated by phenotypic tests. Although both spe- 
cies contain major C; iso, C; anteiso acids, the cluster 
analysis of the cellular fatty acid profiles (Euclidian dis- 
tance of principal components accounting for the greatest 
variance of the organisms) differentiates the two species. 

Source: bovine rumen, cattle horn abscess, bovine sum- 
mer mastitis, and bovine necrotizing vulvovaginitis. 

DNA G+C content (mol96): 46-48 (T). 

Type strain: LEV, ATCC 29147, CCUG 21027, CCUG 
34320, HAMBI 467, NCTC 11028, VPI 10450, VPI 3300. 

Sequence accession no. (16S rRNA gene): L16493. 


Porphyromonas macacae (Slots and Genco 1980) Love 
1995, 91°” [Bacteroides melaninogenicus subsp. macacae Slots 
and Genco 1980, 84°"; Bacteroides macacae (Slots and Gen- 
co 1980) Coykendall, Kaczmarek and Slots 1980, 563W; 
Porphyromonas salivosa Love, Bailey, Collings and Briscoe 
1992, 438V*] 


ma.ca'cae. N.L. fem. n. Macaca genus name of the macaque; 
N.L. gen. n. macacae of the macaque. 


The description is from Love et al. (1995) and Holdeman 
et al. (1984). After 6 d on blood agar plates, colonies are 
0.1-0.2 mm, entire, dome shaped, and creamy brown. After 
9 d in the presence of Staphylococcus epidermidis, however, 
the colonies are 1.0-1.5 mm in diameter, entire, umbon- 
ate with a central depression. As incubation progresses, 
the surfaces of colonies may become wrinkled with mul- 
tiple central depressions and peripheral ridging. Gelatin is 
hydrolyzed. Lipase is not produced. Other characteristics 
are as described for the genus and as given in Table 15. 

Porphyromonas macacae ATCC 33141 can be distinguished 
by phenotypic criteria from cat strains, suggesting that cat 
and monkey biovars exist. (See discussion of Porphyromonas 
salivosa under Taxonomic note, below.) 

Source: oral cavities, subcutaneous abscesses, and pyotho- 
raxes of animals, including cats and monkeys. Important 
pathogen in animal bite infections in humans. 


14. 


15. 
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DNA G+C content (mol % ): 43-44 (T). 

Type strain: 7728-L6C, Slots’ strain 7728-L6C, ATCC 
33141, CCUG 47703, DSM 20710, NCTC 13100. 

Sequence accession no. (16S rRNA gene): L16494. 

Taxonomic note: Strain NCTC 11632" of Porphyromo- 
nas salivosa (Love et al., 1987) Love et al., 1992, 438V" 
exhibits 99.3% rRNA gene sequence homology (Paster 
et al., 1994) and a mean level of DNA-DNA hybridiza- 
tion of 81% (Love, 1995) with Porphyromonas macacae 
ATCC 331417; therefore, the species Porphyromonas sali- 
vosa was included in the species Porphyromonas macacae 
by Love (1995). However, Porphyromonas macacae ATCC 
33141! can be distinguished by phenotypic criteria from 
cat strains (Porphyromonas salivosa), suggesting that cat 
and monkey biovars of Porphyromonas macacae exist. The 
members of the cat biovar have different colonial mor- 
phologies on blood agar: the colonies are 0.5-1.5 mm 
in diameter, circular, entire, dome-shaped, and brown- 
black at 72 h on blood agar plates. Furthermore, unlike 
Porphyromonas macacae ATCC 33141", the cat biovars pro- 
duce different whole-cell protein and proteinase profiles 
on SDS-PAGE gels, and are lipase-positive and sorbitol- 
negative. 


Porphyromonas salivosa (Love, Johnson, Jones, and 
Calverley 1987) Love, Bailey, Collings and Briscoe 1992, 
438%” = Porphyromonas macacae (senior heterotypic synonym) 
(Bacteroides salivosus Love, Johnson, Jones and Calverley 
1987, 308) 


sal.i.vo'sa. L. fem. adj. salivosa resembling saliva, slimy. 


The description is from Love et al. (1995), Love et al. 
(1992), and Love et al. (1987). After 72 h on blood agar 
plates, colonies are 0.5-1.5 mm, entire, dome shaped, and 
brown-black. Gelatin is hydrolyzed. Lipase is produced. 

Porphyromonas salivosa NCTC 116327 can be distinguished 
by phenotypic criteria from monkey strains (Porphyromonas 
macacae), suggesting that cat and monkey biovars exist. (See 
Taxonomic note, above, under Porphyromonas macacae.) 

DNA G+C content (mol % ): 42-44 (T). 

Type strain: ATCC 49407, NCTC 11632, VPB 157, CCUG 
33478. 

Sequence accession no. (16S rRNA gene): L26103. 


Porphyromonas somerae Summanen, Durmaz, Vaisanen, 
Liu, Molitoris, Eerola, Helander and Finegold 2006, 925%” 
(Effective publication: Summanen, Durmaz, Vaisanen, Liu, 
Molitoris, Eerola, Helander and Finegold 2005, 4458.) 


so’mer.ae. N.L. gen. fem. n. somerae, of Somer, named in 
honor of the late Finnish microbiologist Hannele Jousi- 
mies-Somer. 


The description is from Summanen et al. (2005). Colo- 
nies incubated on blood agar for 2 d often exhibit a “patchy” 
growth pattern, with larger colonies surrounded by smaller 
colonies; they are circular, entire, and convex. The colonies 
on laked rabbit blood agar are white-yellow to tan; after 
4 d of incubation, the colonies are pigmented (light brown 
to dark brown) and show no or occasionally weak red fluo- 
rescence under long-wave UV light. Weakly saccharolytic, 
the pH of glucose, lactose, and maltose cultures is 5.3—5.4 
after 5 d of incubation. Most other commonly occurring 


sugars, such as arabinose, cellobiose, melezitose, melibiose, 
raffinose, rhamnose, ribose, salicin, sucrose, trehalose, and 
xylose are not fermented. f-lactamase is produced by 21% 
of the strains. Some strains are resistant to clindamycin. 
Other characteristics are as described for the genus and as 
given in Table 15. 

Porphyromonas somerae is genetically distant from Por- 
phyromonas levii; however, these two species cannot read- 
ily be differentiated by phenotypic tests. Although both 
species contain major C,., iso, C,,, anteiso acids, the 
cluster analysis of the cellular fatty acid profiles (Euclid- 
ian distance of principal components accounting for the 
greatest variance of the organisms) differentiates the two 
species. 

Source: various clinical specimens of non-oral origin, 
mainly from chronic foot infections of diabetics or other 
patients with vascular insufficiency. 

DNA G+C content (mol % ): 47.8 (T). 

Type strain: WAL 6690, ATCC BAA-1230, CCUG 51464. 

Sequence accession no. (16S rRNA gene): AY968205. 


16. Porphyromonas uenonis Finegold, Vaisanen, Rautio, Ee- 
rola, Summanen, Molitoris, Song, Liu and Jousimies-Somer 
2005, 547° (Effective publication: Finegold, Vaisanen, 
Rautio, Eerola, Summanen, Molitoris, Song, Liu and Jousi- 
mies-Somer 2004, 5301.) 


ue.no'nis. N.L. gen. masc. n. uenonis of Ueno, in honor of 
the late Japanese microbiologist Kazue Ueno. 


The description is from Finegold et al. (2004). Growth 
is stimulated by 5% horse serum and similar additives. 
Cellular and colonial morphology and other charac- 
teristics are as described for the genus and as given in 
Table 15. Porphyromonas uenonis can be distinguished 
from Porphyromonas asaccharolytica by phenotypic tests 
(Table 15); however, DNA-DNA reassociation studies 
are required to distinguish these two species genetically. 
Susceptible to most antimicrobial agents. Some strains 
produce f-lactamase. 

Source: part of a mixed flora in various infections, which 
apparently have their origin in the intestinal tract. The hab- 
itat is probably the human gut. 

DNA G+C content (mol % ): 52.5 (T). 

Type strain: WAL 9902, ATCC BAA-906, CCUG 48615. 

Sequence accession no. (16S rRNA gene): AY570514. 


Other organisms 


Porphyromonas bennonis, a novel species isolated from human 
clinical specimens, was recently published in JSEM (Summanen 
et al., 2009). 

DNA G+C content (mol % ): 58 (T). 

Type strain: WAL 1926C, ATCC BAA-1629, CCUG 55979. 

Sequence accession no. (16S rRNA gene): EU414673. 

The 16S rRNA gene sequence of an organism called 
“Porphyromonas canis” was published in GenBank with acces- 
sion number AB0034799. “Porphyromonas canis sp. nov. isolated 
from dog”. Unpublished. Strain ATCC 55562! of Porphyromonas 
gingivicanis Hirasawa and Takada 1994, 640™ exhibits 99.9% 
rRNA gene sequence homology with “Porphyromonas canis” 


70 


JCM 10100, suggesting that Porphyromonas canis is a later 
synonym of Porphyromonas gingivicanis. 

No valid description of the species “Porphyromonas canis” can 
be found in the literature. However, the following information 
is available. 

DNA G+C content (mol % ): 52.5 (T). 

Type strain: JCM 10100. 

Sequence accession no. (16S rRNA gene): AB034799. 


FAMILY III. PORPHYROMONADACEAE 


Taxonomic note: Hardham, Dreier, Wong, Sfintescu and 
Evans (2005) mentioned an organism named "Porphyromonas 
denticanis”. They indicated that Porphyromonas salivosa, * Porphy- 
romonas denticanis” (a novel species), and Porphyromonas gulae 
were the most frequently isolated black-pigmented anaerobic 
bacteria associated with canine periodontitis. However, no valid 
description of “Porphyromonas denticanis” can be found in the 
literature, and there are no GenBank entries for it. 


Genus II. Barnesiella Sakamoto, Lan and Benno 2007b, 344VP 


THE EprroniAL BoARD 


Bar.ne.si.el'la. N.L. dim. fem. n. Barnesiella named after the British microbiologist Ella M. Barnes, who 
contributed much to knowledge of intestinal bacteriology and to anaerobic bacteriology in general. 


Rods (0.8-1.6 x 1.7-11 um). Nonsporeforming. Nonmotile. 
Gram-negative. Obligately anaerobic. On Eggerth-Gagnon 
agar, colonies are 1-2 mm in diameter, gray to off-white-gray, 
circular, entire, slightly convex, and smooth. Saccharolytic, with 
a strictly fermentative type of metabolism. Acetic and succinic 
acids are the main fermentation products. Growth is inhib- 
ited on a medium containing 20% bile. Esculin is hydrolyzed. 
Indole-negative. The predominant menaquinones are MK-11 
and MK-12. Isolated from the chicken cecum. 

DNA G+C content (mol % ): 52. 

Type species: Barnesiella viscericola Sakamoto, Lan and Benno 
2007b, 345%. 


Further descriptive information 


Phylogenetic analyses of chicken cecal microbiota, based on 
16S rRNA gene clone library analyses, have revealed a large 
number of novel phylotypes (Lan et al., 2002; Zhu et al., 2002). 
Using a special anaerobic culture technique, Sakamoto et al. 
(2007b) obtained unusual strains. Like Porphyromonas strains, 
these obligately anaerobic, nonsporeforming, nonmotile, 
Gram-negative rods were inhibited by 20% bile. However, their 
major menaquinones (MK-11 and MK-12) differed from those 
of most other genera of the family Porphyromonadaceae, which 


had menaquinones 8, 9, or 10 (except Tannerella, which has 
MK-10 and MK-11). Phylogenetic analysis has shown that these 
strains represent a new genus in the family. 


Enrichment and isolation procedures 


Barnesiella strains were isolated from the chicken cecum 
under strictly anaerobic conditions by the method described 
by Lan et al. (2002). They were maintained on Eggerth- 
Gagnon (EG) agar (Merck) supplemented with 596 (v/v) 
horse blood, with incubation for 2 d at 37°C in an atmo- 
sphere of 100% CO,. 


Differentiation of the genus Barnesiella from other closely 
related genera 


Some characteristics differentiating the genus Barnesiella from 
other genera are shown in Table 16. 


Taxonomic comments 


Analyses of the 16S rRNA gene sequences of two cecal iso- 
lates that failed to grow in the presence of 20% bile indicated 
that the strains were related to Parabacteroides distasonis (86% 
sequence similarity). The two strains exhibited 10096 16S rRNA 
gene sequence similarity with each other. 


TABLE 16. Some characteristics differentiating the genus Barnesiella from other related genera?^ 


š E š š $ 
S S S S = u S 
= š š 8 š <. X 
š Š š Š E š š 
š E E Š & š Š 
Characteristic S e š à š & & 
Growth in presence of 20% = + = + = _ 
bile 
Saccharolytic + + + + E = _ 
Major end products of Acetic, succinic Propionic, Acetic, propi- Acetic, succinic na na na 
glucose fermentation acids lactic, succinic onic acids acids 
acids 
Major menaquinones MK-10, MK-11 nr MK-8 MK-9, MK-I10 MK-9, MK-10 nr MK-10, MK-11 
Brown to black colonies = _ _ _ + _ = 
on blood agar 
DNA G+C content (mol%) 52 38-39 39 43-46 40-55 47 44-48 


“Symbols: +, >85% positive; —, 0-15% positive; na, not applicable; nr, not reported. 


"Data taken from Chen and Dong (2005); Hofstad et al. (2000); Lawson et al. (2002a); Sakamoto and Benno (2006); Sakamoto et al. (2002); Ueki et al. (2006); Saka- 


moto et al. (2007b). 
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List of species of the genus Barnesiella 


1. Barnesiella viscericola Sakamoto, Lan and Benno 2007b, 
345%? 
vis.ce.ri^co.la. L. n. viscus, visceris intestine; L. suff. n. -cola 
(from L. n. incola) inhabitant; N.L. fem. n. viscericola inhabit- 
ant of the intestine. 

The characteristics are as given for the genus, with the 
following additional features. Urease and catalase-negative. 
Gelatin is digested. Acid is produced from p-cellobiose, 
glucose, maltose, p-mannose, and sucrose, but not from 
L-arabinose, glycerol, lactose, D-mannitol, p-melezitose, 
p-raffinose, r-rhamnose, salicin, D-sorbitol, p-trehalose, 
or p-xylose. Using the Rapid ID 324 tests, all strains are 
positive for a-galactosidase, B-galactosidase, o-glucosidase, 
B-glucosidase, N-acetyl-B-glucosaminidase, glutamic acid 


decarboxylase, a-fucosidase, alkaline phosphatase, leucyl- 
glycine arylamidase, and alanine arylamidase. Raffinose is 
fermented. All of the other tests with the Rapid ID 32A sys- 
tem give negative results. The major end products are ace- 
tic acid and succinic acid; lower levels of other acids may 
be produced. Both non-hydroxylated and 3-hydroxylated 
long-chain fatty acids are present. The major cellular fatty 
acids are C,., anteiso and G... iso. The predominant respi- 
ratory quinones are MK-11 (65-66%) and MK-12 (21-24%). 
MK-10 is present as a minor menaquinone (10-11%). 

Source: the chicken cecum. 

DNA G+C content (mol 96): 52 (HPLC). 

Type strain: C46, DSM 18177, JCM 13660. 

Sequence accession no. (16S rRNA gene): AB267809. 


Genus Ill. Dysgonomonas Hofstad, Olsen, Eribe, Falsen, Collins and Lawson 2000, 2194"* 


INGAR OLSEN 


Dys.go.no.mo’nas. Gr. pref. dys- with notion of hard, bad, unlucky; Gr. n. gonos that which is 
begotten, reproduction; Gr. fem. n. monas a monad, unit; N.L. fem. n. Dysgonomonas intended to mean a 


weakly growing monad. 


Coccobacilli to short rods. Nonmotile. Gram-negative. Faculta- 
tively anaerobic. Colonies are 1-2 mm in diameter, nonadher- 
ent, entire, gray-white, smooth, and nonhemolytic and have a 
slight aromatic odor. Growth is not observed on MacConkey 
agar. Requires X factor for growth. May be catalase-positive or 
-negative. Oxidase-negative. Glucose is fermented, producing 
acid but no gas. Alkaline phosphatase is generated but not argi- 
nine dihydrolase. Nitrate is not reduced. H,S and acetoin are 
not produced. Esculin may not be hydrolyzed; gelatin and urea 
are not hydrolyzed. Indole may be produced. Long-chain cel- 
Iular fatty acids include straight-chain saturated, anteiso- and 
iso-methyl branched and 3-hydroxy types. Isolated from human 
clinical specimens and stools. 

DNA G+C content (mol % ): 38 (T, ). 

Type species: Dysgonomonas gadei Hofstad, Olsen, Eribe, 
Falsen and Lawson 2000, 2194V*, 


Further descriptive information 


Dysgonomonas capnocytophagoides (Hofstad et al., 2000) and Dys- 
gonomonas mossii (Lawson et al., 2002a, b) are members of the 
CDC DF (dysgonic fermenter)-3 group (Daneshvar et al., 1991; 
Wallace et al., 1989). Dysgonomonas gadei (Hofstad et al., 2000) 
was isolated at the Gade Institute, Bergen, Norway. Compara- 
tive 16S rRNA sequence analysis indicates that Dysgonomonas is a 
distinct genus in Family III. “Porphyromonadaceae” in the phylum 
“ Bacteroidetes”. See Taxonomic comments for details. 

Cells can be coccobacilli to short rods (Figures 18 and 19). 
Nitrate is not reduced and the oxidase reaction is negative. 
The catalase reaction has been reported as negative (Kone- 
man et al., 1997) and as negative or positive (Hofstad et al., 
2000). The organisms produce acid by fermentation of glu- 
cose (Hofstad et al., 2000; Koneman et al., 1997), xylose and 
maltose; most strains produce acid from sucrose and lactose, 


FIGURE 18. Scanning electron microscopy of cells from colonies of Dysgonomonas gadei CCUG 42886" (a), Dysgonomonas mossii CCUG 43457! (b), 
and Dysgonomonas capnocytophagoides CCUG 17996" (c). Cells were cultured anaerobically for 48 h at 37°C on human blood agar supplemented 
with hemin and vitamin K. 
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FIGURE 19. Transmission electron microscopy of Dysgonomonas gadei CCUG 42886" (a), Dysgonomonas mossii CCUG 43457" (b), and Dysgonomonas 
capnocytobhagoides CCUG 17996* (c). Cells were cultured anaerobically for 48 h at 37°C on human blood agar supplemented with hemin and vita- 
min K. OM, outer membrane; /M, inner cytoplasmic membrane; G, granule; SLPS, scale-like protrusion. 


but not from mannitol (Koneman et al., 1997). Esculin may be 
hydrolyzed (Hofstad et al., 2000; Koneman et al., 1997). Fur- 
thermore, alkaline phosphatase is produced but not arginine 
dihydrolase. H,S and acetoin are not produced. Indole may be 
generated (Hofstad et al., 2000). 

Isolates of Dysgonomonas species are rare (Koneman et al., 
1997; Martínez-Sánchez et al., 1998). They have been recovered 
from clinical sources such as blood, wounds, urine, peritoneal 
fluid, umbilicus, stools, and gallbladder. Asymptomatic carriers 
have been found. The first report on these organisms was made 
by Wagner et al. (1988), who made multiple isolations in pure 
culture from the stools of an elderly woman with common vari- 
able hypogammaglobulinemia of long standing. DF-3 was also 
found in stool specimens by Gill et al. (1991) and Grob et al. 
(1999); several of the patients suffered from prolonged diarrhea. 
In another study with immunocompromised patients or patients 
with severe underlying disease, including HIV or inflammatory 
bowel disease, DF-3 was isolated from stool specimens during a 
l-year period (Blum et al., 1992); the clinical spectrum associ- 
ated with DF-3 ranged from asymptomatic carrier state to symp- 
tomatic with chronic diarrhea. Heiner et al. (1992) described an 
association of enteric DF-3 infection with HIV coinfection and 
common variable hypogammaglobulinemia. Further, Aronson 
and Zbick (1988) isolated DF-3 from a 24-year-old man with 
relapse of acute lymphocytic leukemia, and Grob et al. (1999) 
detected DF-3 in bacteremia from a patient with acute myelocytic 
leukemia during aplasia. The former patient became granulocy- 
topenic during intensive chemotherapy and DF-3 was isolated 
from blood cultures. Recently, a case of Dysgonomonas capnocy- 
tophagoides in blood culture from a severely neutropenic patient 
treated for acute myeloid leukemia was reported (Hansen et al., 
2005). A soft-tissue abscess in a diabetic patient and a postopera- 
tive urinary tract infection in an 81-year-old man yielded DF-3, 
and in the latter case, DF-3 was recovered together with Escheri- 
chia coli (Bangsborg et al., 1990; Schonheyder et al., 1991). DF-8 
has also been isolated together with Candida albicans, Candida 
glabrata, Staphylococcus aureus, and. enterococci (Lawson et al., 
2002a). Melhus (1997) recovered DF-3 from a decubitous ulcer 
of a subfebrile patient with diarrhea. 

Disk diffusion and broth dilution have been used to assess 
antimicrobial susceptibility of DF-3 isolates (Aronson and Zbick, 
1988; Blum et al., 1992; Gill et al., 1991; Heiner et al., 1992; Wag- 
ner et al, 1988). The DF-3 strains were resistant to penicillin, 


ampicillin, ampicillin-sulbactam, aztreonam, aminoglycosides, 
cephalosporins (including cephalotin, cefoxitin, ceftriaxone, 
cefoperazone, and ceftazidime), erythromycin, ciprofloxacin, 
and vancomycin (Koneman etal., 1997). They are usually suscep- 
tible to trimethoprim-sulfamethoxazole and chloramphenicol, 
and variably susceptible to piperacillin, clindamycin, tetracy- 
cline, and imipenem. Dysgonomonas gadei was sensitive to met- 
ronidazole, clindamycin, doxycycline, imipenem, meropenem, 
and trimethoprim/sulfamethoxazole (Hofstad et al., 2000). The 
organism was resistant to cefoxitin and other cephalosporins 
(cefotaxime, cefpirome, ceftazidime, ceftriaxone, cefuroxime, 
and cephalotin), aminoglycosides (gentamicin, netilmicin, sulfa- 
diazine), fluoroquinolones (ciprofloxacin, oxafloxacin), vanco- 
mycin, and teicoplanin. Similarly, Dysgonomonas capnocytophagoides 
was susceptible to ampicillin, tetracycline, chloramphenicol, clin- 
damycin, and trimethoprim-sulfamethoxazole, while it was resis- 
tant to penicillin, cephalosporins, meropenem, aminoglycosides, 
and ciprofloxacin (Hansen et al., 2005). 


Enrichment and isolation procedures 


Culture from stool specimens is best performed on cefoperazone- 
vancomycin-amphotericin blood agar incubated at 35°C in 5-7% 
CO, (Koneman et al., 1997). Growth is relatively slow with pin- 
point colonies visible after 24 h. After 48-72 h the colonies turn 
gray-white, smooth, and are nonhemolytic. A sweet odor may be 
produced by the organism on agar media (Bernard et al., 1991; 
Blum et al., 1992; Gill et al., 1991; Wagner et al., 1988). 


Taxonomic comments 


In 2000, Hofstad et al. isolated an organism from a human gall- 
bladder that resembled CDC Group DF-3 organisms and named 
it Dysgonomonas gadei, thereby creating a new genus Dysgonomonas. 
The authors simultaneously reclassified the organisms previously 
designated CDC group DF-3 as Dysgonomonas capnocytophagoides. 
Lawson et al. (2002a, b) described another Dysgonomonas species, 
Dysgonomonas mossii, from human clinical specimens. 

The CDC Group DF-3 has been considered closely related to 
Capnocytophaga species. After whole-cell protein electrophoresis, 
a separate position was occupied by a DF-3 strain when compared 
to well-characterized reference strains representing seven Capno- 
cytophaga species (Vandamme et al., 1996). The whole-cell pro- 
tein pattern of Dysgonomonas gadei was separate from those of two 
DF-3 strains and reference strains of Capnocytophaga, Bacteroides, 


GENUS III. DYSGONOMONAS 73 


and Prevotella (Hofstad et al., 2000). The nearest correlation was 
seen with Bacteroides uniformis at approximately 5896. 

The cell walls of DF-3 strains had large amounts (24%) of 
anteiso-branched-chain fatty acid (C. anteiso), moderate 


amounts of saturated iso-branched-chain acids (C,,, iso and 


Co iso), and small to moderate amounts of both branched- 
and straight-chain hydroxy acids (C,,, 3-OH, Ciso iso 3-OH, 
Ciso 9-OH, and C,- iso 3-OH) (Wallace et al., 1989). The domi- 


nating cellular fatty acid content of Dysgonomonas gadei CCUG 
42882" is C, anteiso, C, Ciso iso, and C,,, iso 3-OH, which 
is similar to that of Dysgonomonas capnocytophagoides CCUG 
17996" and CCUG 42515 (Hofstad et al., 2000). For compari- 
son, Moore et al. (1994) found that Czo anteiso, C,., iso, Ciz 
iso 3-OH, and C,,, are the major cellular fatty acids in Bacte- 
roides and Prevotella, and C,., iso the major cellular fatty acid 
of Porphyromonas. Bernard et al. (1991) detected C,., iso and 
C; iso 3-OH as the major cellular fatty acids in Capnocytophaga. 
The overall fatty acid composition of DF-3 organisms and Cap- 
nocytophaga species is clearly different from that of CDC group 
DF-3-like organisms (Daneshvar et al., 1991). The isoprenoid 


quinone content of four group DF-3-like strains was similar with 
ubiquinone-9 (Q-9) and Q-10 as the major quinone, whereas 
two other group DF-3-like strains had Q-7 as their major quino- 
nes, with smaller amounts of Q-8 and Q-9. Notably, CDC group 
DF-3 strains F9489 and G4990 did not contain quinones. 

Bernard et al. (1991) found that CDC group DF-3 organisms 
produced significant quantities of propionic acid as metabolic 
product. Also lactic and succinic acids were detected, but the 
quantities varied among strains. 

Comparative 16S rRNA sequence analysis has indicated that 
CDC group DF-3 is phylogenetically related to but different from 
Bacteroides, Porphyromonas, Prevotella, and kindred organisms 
(Paster et al., 1994; Vandamme et al., 1996). Actually, Dysgonomo- 
nas gadei and Dysgonomonas capnocytophagoides formed a distinct 
phylogenic cluster within the Bacterotdes—Prevotella—Porphyromo- 
nas group (Hofstad et al., 2000). Sequence analysis showed that 
Dysgonomonas mossii differed from Dysgonomonas gadei (91.7%) 
and Dysgonomonas capnocytophagoides (94.3%) (Lawson et al., 
2002a). Other taxa were related to these species (Figure 20) 
but showed much lower levels of sequence similarity, including 
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Bacteroides distasonis ATCC pa (M86695) 


Bacteroides merdae ATCC 43184! (X83954) 


100 
100 
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Porphyromonas asaccharolytica ATCC 252601 (L16490) 
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Porphyromonas circumdeniaria NCTC 124697 (L26102) 
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Porphyromonas macacae ATCC 33141T (L16494) 


Porphyromonas salivosa NCTC 116327 (L26103) 
Porphyromonas levii ATCC 291477 (L16493) 
Porphyromonas cangingivalis VPB 48747 (X76259) 


Porphyromonas canoris NCTC 12835! (X76261) 


Porphyromonas gingivalis ATCC a3e77T (L16492) 
Porphyromonas cansulci VPB 4875! (X76260) 
Bacteroides vulgatus ATCC 8482T (M58762) 


100 


Bacteroides fragilis ATCC 252851 (M11656) 
Bacteroides ovatus NCTC 111537 (L16484) 


93 Bacteroides thetaiotaomicron ATCC 291487 (L16489) 
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Bacteroides eggerthii NCTC 11155" (L16485) 


30 Bacteroides uniformis ATCC 84921 (L16486) 
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Prevotella heparinolytica ATCC 35895! (L16487) 
Prevotella zoogleoformans ATCC 332851 (L16488) 


Prevotella ruminicola subsp. ruminicola ATCC 191897 (L16482) 


Prevotella bivia ATCC 33574" ((L16475) 


Prevotella corporis ATCC 335477 (L16465) 
Prevotella disiens ATCC 294267 (L16483) 
Prevotella intermedia ATCC 25611! (L16468) 
Prevotella nigrescens ATCC 33563! (L16471) 


Prevotella oulora ATCC 43324T (L16472) 

Prevotella melaninogenica ATCC 258451 (L16469) 
Prevotella veroralis ATCC 337791 (L16473) 
Prevotella oris ATCC 335731 (L16474) 


Prevotella denticola ATCC 33185T (L16466) 
Prevotella buccae ATCC 33690 (L16478) 
Prevotella buccalis ATCC 353107 (L16476) 
Prevotella oralis ATCC 332697 (L16480) 
Prevotella loescheii ATCC 159307 (L16481) 


FIGURE 20. Phylogenetic tree of Dysgonomonas species and related organisms. (Reproduced with permission from Lawson et al., 2002a. Syst. Appl. 


Microbiol. 25: 194—197.) 
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Bacteroides (85-87%), Porphyromonas (84-88%), and Prevotella 
(79-85%) and the misclassified strict anaerobic species Bacteroi- 
des distasonis (87%), Bacteroides forsythus (88%), Bacteroides mer- 
dae (8996), and Bacteroides splanchnicus (83%) (Hofstad et al., 
2000; Lawson et al., 2002a). Comparative sequence 16S rRNA 
analysis unequivocally demonstrated three strains in a hitherto 
unrecognized subline within the Dysgonomonas clade (Lawson 
et al., 2002a) Divergence values of >5% with Dysgonomonas cap- 
nocytophagoides and Dysgonomonas gadei indicated that they may 
merit Classification as a distinct species. Dewhirst et al. (1999) 
found that strain ASF 519 of Bacteroides distasonis fell into an 
unnamed genus containing Bacteroides distasonis, Bacteroides mer- 
dae, Bacteroides forsythus, and CDC group DF-3. Capnocytophaga 


TABLE 17. Salient characteristics of the species of the genus Dysgon- 
omonas* 


D. capnocytophagoides 


B 3 
Characteristic q q 
Colony Gray-white Gray-white Gray-white 
pigmentation 
Aromatic odor Slight Slight Slight 
Cells Coccobacilli Coccobacilli Coccobacilli 
and short rods and short rods 

Growth on blood agar: 

CO, required + + + 

at 25°C + + + 

at 35-37°C + + + 

at 42-43°C _ nd _ 

Microaerophilic + + nd 

Anaerobic + + + 
Growth on MacConkey _ _ _ 

agar 

Catalase + _ _ 
Indole + d + 
Acetoin = = = 
Esculin hydrolysis + d + 
Gelatin hydrolysis _ B = 
H,S production = = nd 
Nitrate reduction _ _ _ 
Oxidase _ _ _ 
Resistant to ox bile + + + 
Starch hydrolysis nd nd + 
Urea hydrolysis = = = 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); —, 0-15% positive; nd, not determined. 


species were clearly distinct from Dysgonomonas (Hofstad et al., 
2000). 


Differentiation of the species of the genus Dysgonomonas 


Similarities and differences between the three Dysgonomonas spp. 
are listed in Tables 17-19. Contrary to the other species Dysgon- 
omonas gadei produces catalase. Dysgonomonas gadei can further be 
distinguished from Dysgonomonas capnocytophagoides and Dysgon- 
omonas mossti by the absence of f-glucuronidase production by 
the latter two. Unlike the other two species, Dysgonomonas capno- 
cytobhagoides ferments trehalose but does not produce Nacetyl-B- 
glucosaminidase and o-fucosidase. Dysgonomonas mossii does not 
generate glutamyl glutamic acid arylamidase. 


TABLE 18. Fermentation profiles of species of the genus Dysgonomonas* 


D. capnocytophagoides 


S à 
Acid produced from S S 
Adonitol, dulcitol _ _ nd 
L-Arabinose, lactose, D-mannose, + + + 

sucrose, D-xylose 

D-Arabitol, r-arabitol nd E nd 
Cellobiose, fructose, salicin + nd + 
Erythritol, glycogen - nd nd 
Inositol, p-mannitol _ _ w 
Maltose nd + + 
Melibiose, melezitose + + nd 
Raffinose + + d 
r-Rhamnose + nd w 
p-Ribose w nd nd 
D-Sorbitol - - nd 
Starch + nd nd 
Trehalose + _ + 


“Symbols: +, >85% positive; —, 0-15% positive; w, weak reaction; nd, not deter- 
mined. 


List of species of the genus Dysgonomonas 


1. Dysgonomonas gadei Hofstad, Olsen, Eribe, Falsen, Collins 
and Lawson 2000, 2194"? 


ga’de.i. N.L. gen. masc. n. gadei of the Gade Institute, 
Bergen, Norway, where the organism was first isolated. 


The following description is according to Hofstad 
et al. (2000). Nonmotile, Gram-negative coccobacilli that 
grow relatively slowly on blood agar. After 48 h of aerobic 
incubation at 35°C in a CO,-enriched atmosphere, the col- 


onies are 1-2 mm in diameter, nonadherent, entire, gray- 
white, smooth, and nonhemolytic, with a slight aromatic 
odor. After incubation for a few more d the colonies become 
coalesced, butyrous, and a-hemolytic. Growth can be seen 
at 25°C but not at 43°C. Growth occurs under microaero- 
philic and strictly anaerobic conditions. No growth occurs 
on MacConkey agar but does occur on nutrient agar around 
X and XV discs, suggesting a growth dependence for heme. 
Catalase-positive and oxidase-negative. No nitrate reduction 
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TABLE 19. Enzymic profiles of species of the genus Dysgonomonas*” 


Enzyme D. gadei D. capnocytophagoides D. mossii 
a-Arabinosidase + + d 
Acid phosphatase, phosphoamidase + + nd 
a-Fucosidase + + 
a-Galactosidase, a-glucosidase, alanine, arylamidase, alkaline phosphatase, B-glucosidase, + + + 
leucyl glycine arylamidase 
o-Mannosidase w = w 
Arginine arylamidase, arginine, dihydrolase, glutamic acid, decarboxylase, glycine _ _ _ 
arylamidase, histidine arylamidase, leucine arylamidase, proline arylamidase, phenylalanine 
arylamidase, pyroglutamic acid arylamidase, serine arylamidase, tyrosine arylamidase 
B-Galactosidase w + + 
B-Galactosidase 6-phosphate = + 
B-Glucuronidase + _ = 
Chymotrypsin + _ nd 
Cystine arylamidase, lipase C-14, valine arylamidase _ _ nd 
Esterase C-4 _ d nd 
Ester lipase C-8 w _ nd 
Glutamyl glutamic acid arylamidase + + = 
Lysine decarboxylase, ornithine decarboxylase nd _ nd 
N-Acetyl-B-glucosaminidase * = sk 
Trypsin + - nd 
Urease - nd nd 


*Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; nd, not determined. 
"Positive with API ID32A and rapid ID32E, negative with API ZYM. 


or production of H,S or acetoin. Esculin is hydrolyzed, but 
gelatin and urea are not. Indole-positive. Resistant to ox 
bile. Glucose is fermented with production of acid but no 
gas. Acid is also produced from r-arabinose, cellobiose, fruc- 
tose, lactose, D-mannose, melezitose, melibiose, raffinose, 
L-rhamnose, D-ibose (weak reaction), salicin, starch, 
sucrose, trehalose, and xylose. Positive reactions occur 
for Nacetyl-B-glucosaminidase, acid phosphatase, alanine 
arylamidase, alkaline phosphatase, o-arabinosidase, ester 
lipase C8 (weak), o-galactosidase, f-galactosidase (weak 
reaction), o-glucosidase, B-glucosidase, glutamyl glutamic 
acid arylamidase, o-mannosidase (weak), a-fucosidase, chy- 
motrypsin, alanine arylamidase, leucyl glycine arylamidase, 
phosphoamidase, and trypsin. Positive and negative reac- 
tions are summarized in Tables 17-19. 

Source: an infected human gallbladder, but the habitat is 
unknown. 

DNA G+C content (mol96): not determined. 

Type strain: ATCC BAA-286, CCUG 42882, CIP 106420. 

Sequence accession no. (16S rRNA gene): Y18530. 


. Dysgonomonas capnocytophagoides Hofstad, Olsen, Eribe, 
Falsen, Collins and Lawson 2000, 2194`" (CDC Group DF-3, 
Wallace, Hollis, Weaver and Moss 1989, 735) 


cap.no.cy.to.pha.goi'des. N.L. n. Capnocytophaga a genus of 
CO,-requiring bacteria; L. suff. -oides (from Gr. suff. -eides, 
from Gr. n. eidos that which is seen, form, shape, figure) 
resembling, similar; N.L. adj. capnocytophagoides like Capnocy- 
tobhaga, referring to some properties shared between these 
organisms. 


The following description is based on results obtained 
by Wallace et al. (1989) and Hofstad et al. (2000). Non- 
motile, Gram-negative coccobacilli to short rods. Colonies 
are 1-2 mm in diameter, nonadherent, entire, gray-white, 
smooth, and non-hemolytic with a slight aromatic odor 


after 48 h of aerobic incubation on blood agar at 35°C in 
a CO,-enriched atmosphere (7.5%). No growth on MacCo- 
nkey agar. Facultatively anaerobic. Catalase- and oxidase- 
negative. Does not produce H,S or acetoin. Esculin may 
be hydrolyzed, but gelatin and urea are not. Indole may 
be produced. The organism is resistant to ox bile and does 
not reduce nitrate. Major products from glucose fermen- 
tation are propionic, lactic, and succinic acids. Glucose 
fermentation does not produce gas. Acid is produced 
from r-arabinose, lactose, maltose, D-mannose, melibiose, 
raffinose, sucrose, and Dp-xylose. Positive reactions occur 
for acid phosphatase, alanine arylamidase, alkaline phos- 
phatase, o-arabinosidase, o-galactosidase, p-galactosidase, 
B-galactosidase 6-phosphate, o-glucosidase, -glucosidase, 
glutamyl glutamic acid arylamidase, leucyl glycine arylami- 
dase, and phosphoamidase. Esterase C-4 production is vari- 
able between strains. Positive and negative reactions are 
listed in Tables 17-19. 

Source: human clinical specimens, but the habitat is 
unknown. 

DNA G+C content (mol 96): 38 (HPLC). 

Type strain: CCUG 17996, CIP 107043, LMG 11519. 

Sequence accession no. (16S rRNA gene): U41355. 


3. Dysgonomonas mossii Lawson, Falsen, Inganas, Weyant and 


Collins 20022, 1915"* (Effective publication: Lawson, Falsen, 
Inganas, Weyant and Collins 2002a, 194.) 

moss‘i.i. N.L. gen. masc. n. mossii of Moss, to honor 
Claude Wayne Moss, an American microbiologist who has 
contributed much to microbial taxonomy. 

The following description is according to Lawson et al. 
(2002a). Nonmotile, Gram-negative coccobacilli to short 
rods. After anaerobic incubation for 48 h at 37°C on blood 
agar, colonies are 1-2 mm in diameter, nonadherent, entire, 
gray-white, smooth, and nonhemolytic, and produce a 
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slightly aromatic odor. Growth occurs at 25°C but not at 42°C. 
No growth occurs on MacConkey agar. The organisms grow 
on nutrient agar around X and XV disks, indicating that they 
have a requirement for heme. Catalase- and oxidase-nega- 
tive. Nitrate is not reduced to nitrite. Indole is produced, 
but not acetoin. The organisms are resistant to ox bile. Escu- 
lin and starch are hydrolyzed, but gelatin and urea are not. 
Glucose is fermented with production of acid but no gas. 
Acid is produced (conventional methods) from L-arabinose, 
cellobiose, fructose, inositol (weak reaction), lactose, man- 
nitol (weak reaction), maltose, L-rhamnose (weak reaction), 
salicin, sucrose, trehalose, and p-xylose. With API rapid ID 


32A, acid is produced from mannose, and p-raffinose may 
be fermented. Positive reactions are obtained for Macetyl-B- 
glucosaminidase, alanine arylamidase, alkaline phosphatase, 
a-galactosidase, B-galactosidase, B-galactosidase 6-phosphate 
(weak), a-glucosidase, B-glucosidase, leucyl glycine arylami- 
dase, &-mannosidase (weak reaction), and a-fucosidase. Ara- 
binosidase may be produced. Positive and negative reactions 
are summarized in Tables 17-19. 

Source: clinical sources, but the habitat is not known. 

DNA G+C content (mol96): 38.5 (HPLC). 

Type strain: CDC F9489, CCUG 43457, CIP 107079. 

Sequence accession no. (16S rRNA gene): AJ319867. 


Genus IV. Paludibacter Ueki, Akasaka, Suzuki and Ueki 2006, 43VP 


THE EprroniaL BoARD 


Pa.lu.di.bac'ter. L. n. palus -udis a swamp, marsh; N.L. masc. n. bacter a rod; N.L. masc. n. Paludibacter rod 


living in swamps. 


Rods (0.5-0.6 um x 1.3-1.7 um), with the ends usually round to 
slightly tapered. Nonmotile. Nonsporeforming. Gram-negative. 
Strictly anaerobic. Chemo-organotrophic. Optimum growth 
temperature, 30°C. No growth occurs at 37°C. Oxidase and 
catalase-negative. Nitrate is not reduced. Various sugars are 
fermented, and acetate and propionate are the major fermen- 
tation end products with succinate as a minor product. Major 
cellular fatty acids are C,. , anteiso, C,, ,, and C, anteiso 3-OH. 
The major respiratory quinone is MK-8(H,). 

DNA G+C content (mol % ): 39.3 (HPLC). 

Type species: Paludibacter propionicigenes Ueki, Akasaka, 
Suzuki and Ueki 2006, 43V", 


Further descriptive information 


Paludibacter propionicigenes was isolated from a rice plant residue 
(rice straw) sample collected from irrigated rice-field soil in the 
Shonai Branch of the Yamagata Agricultural Experimental Sta- 
tion (Fujishima-machi, Yamagata, Japan) during the flooding 
period of the field. 

Cells can be cultivated at 30*C under an atmosphere of 9596 
N,/5% CO, in peptone-yeast (PY) broth supplemented with 1% 
glucose (PYG broth). Colonies on PYAS' agar are grayish white, 
translucent, circular with a smooth surface, and 1.0-1.5 mm in 
diameter after 48 h. Propionate and acetate are produced from 


fermentation of glucose at a ratio of 2:1. The predominant cel- 
lular fatty acids are C,,, anteiso (30.8%), C,., (19.096), Ci. 
anteiso 3-OH (17.9%), and C, iso 3-OH (6.2%). 


Enrichment, isolation, and maintenance procedures 


The type strain was isolated using the anaerobic roll tube 
method. PY4S agar can be used for maintenance of the strain 
on agar slants. 


Differentiation of the genus Paludibacter 
from related genera 


Paludibacter propionicigenes is a strict anaerobe isolated from 
plant residue, whereas Dysgonomonas capnocytophagoides and Dys- 
gonomonas mossii are facultative anaerobes isolated from human 
clinical specimens. Paludibacter propionicigenes cannot grow at 
37°C and is inhibited by bile, whereas Parabacteroides merdae, Dys- 
gonomonas capnocytophagoides, and Dysgonomonas mossti can grow 
at 37°C and are bile tolerant. 


Taxonomic comments 


By analysis of 16S rRNA gene sequences, the closest neighbor- 
ing species of Paludibacter propionicigenes are Dysgonomonas cap- 
nocytophagoides (90.9% similarity), Dysgonomonas mossii (89.8%), 
and Parabacteroides merdae (88.7%). 


List of species of the genus Paludibacter 


l. Paludibacter propionicigenes Ueki, Akasaka, Suzuki and 
Ueki 2006, 43V* 
pro.pi.on.i.ci'ge.nes. N.L. n. acidum propionicum propionic 
acid; N.L. suff. -genes (from Gr. v. gennaó to produce) produc- 
ing; N.L. part. adj. propionicigenes producing propionic acid. 
The characteristics are as described for the genus, with 
the following additional features. Elongated cells are occa- 
sionally formed both singly and in chains of the short cells. 
Spherical cells sometimes develop after storage of slant cul- 
tures at 4°C. Growth occurs at pH 5.0-7.6 (optimum, 6.6) 
and at 15-35°C. Growth at 33°C is much slower than at 30°C, 


*PY4S agar is peptone-yeast extract (PY) broth supplemented with (g/1): glucose, 
0.25; cellobiose, 0.25; maltose, 0.25; soluble starch, 0.25; and agar, 15.0. 


The NaCl concentration range for growth is 0-0.5% in PYG 
medium. The following compounds are used for growth and 
acid production: arabinose, cellobiose, fructose, galactose, 
glucose, mannose, maltose, melibiose, glycogen, soluble 
starch, and xylose. The following compounds are not used: 
cellulose, dulcitol, ethanol, fumarate, glycerol, inositol, lac- 
tate, lactose, malate, mannitol, melezitose, pyruvate, rham- 
nose, raffinose, ribose, salicin, sorbitol, sorbose, succinate, 
sucrose, trehalose, and xylan. Esculin is hydrolyzed, but gela- 
tin and urea are not. H,S and indole are not produced. No 
growth occurs in the presence of 0.0146 bile salts. 

Source: rice plant residue in anoxic rice-field soil in Japan. 

DNA G+C content (mol 96): 39.3 (HPLC). 

Type strain: WB4, DSM 17365, JCM 13257. 

Sequence accession no. (16S rRNA gene): AB078842. 
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Genus V. Petrimonas Grabowski, Tindall, Bardin, Blanchet and Jeanthon 2005, 1118"? 


THE EpiroRIAL BoARD 


Pe.tri.mo’nas. L. fem. n. petra rock, stone; L. fem. n. monas a unit, monad; N.L. fem. n. Petrimonas stone 


monad. 


Straight rods (0.7-1 x 1.5-2.0 um) during exponential growth; 
some longer cells (0.5 x 4.0 um) may be observed in old cul- 
tures. Nonsporeforming. Gram-stain-negative. Chemo-organ- 
otrophic. Mesophilic. Strictly anaerobic, having a fermentative 
type of metabolism. End products of glucose fermentation are 
acetate, H,, and CO,. Carbohydrates and some organic acids 
are fermented. Tryptone is required for growth. The predomi- 
nant menaquinone is MK-8, with smaller amounts of MK-7 and 
MK-9. The major polar lipids are phosphatidylethanolamine, 
an unidentified phospholipid, two unidentified aminophos- 
pholipids, three unidentified phosphoglycolipids, a glycolipid, 
an aminolipid, and two additional uncharacterized lipids. The 
fatty acids include straight chain and branched fatty acids; in 
addition, 2-OH and 3-OH fatty acids are present. The major cel- 
lular fatty acids are C,, anteiso, C,, , anteiso, C. , iso, and C... 
The major hydroxy fatty acids are C3-OH ,,, iso, C3-OH,,,, iso, 
and C, on 7); about one-third of each of all three appear to be 
amide-linked. Isolated from a biodegraded oil reservoir. 

DNA G+C content (mol96): 40.8 (HPLC). 

Type species: Petrimonas sulfuriphila Grabowski, Tindall, Bar- 
din, Blanchet and Jeanthon 2005, 1119V". 


Further descriptive information 


To date, Petrimonas sulfuriphila is the only member of the phy- 
Ium Bacteroidetes to be isolated from a producing well of a bio- 
degraded oil reservoir. 


Enrichment and isolation procedures 


Enrichment was performed in nitrate broth medium (Difco). 
Isolation of single colonies was accomplished using the anaer- 
obic roll-tube technique (Hungate, 1969) with nitrate broth 
solidified with 296 (w/v) purified agar (Difco). 


Differentiation of the genus Petrimonas 
from other genera 


The predominance of MK-8 as menaquinone is a feature 
that distinguishes the novel isolate from all its phylogenetic 
relatives, including Tannerella (MK-10, MK-11), Bacteroides 
(MK-10, MK-11), Parabacteroides distasonis (MK-10); Para- 
bacteroides merdae (MK-9, MK10), and Porphyromonas (MK-9, 
MK-10). 


Taxonomic comments 


According to 16S rRNA gene sequence analysis by Grabowski 
etal. (2005), the closest cultivated relatives of the type strain 
of Petrimonas sulfuriphila are Tannerella forsythia (88% simi- 
larity) and Parabacteroides merdae (87% similarity). However, 
very high rRNA gene sequence similarities (99.6%) were 
found between Petrimonas sulfuriphila and certain environ- 
mental clones retrieved from a dechlorinating consortium 
(GenBank accession no. AJ488088) and the bovine rumen 
(AB003390). 


List of species of the genus Petrimonas 


1. Petrimonas sulfuriphila Grabowski, Tindall, Bardin, Blanchet 
and Jeanthon 2005, 1119Y" 


sul.fu.ri.phi'la. L. n. sulfur sulfur; Gr. adj. philos -é -on loving; 
N.L. fem. adj. sulfuriphila sulfur-loving, indicating that sulfur 
stimulates growth. 

The characteristics are as described for the genus, with the 
following additional features. Cells occur singly or in pairs. 
The temperature range for growth at pH 7.2 is 15-40*C; 
optimum, 37-40*C. Growth occurs in the presence of 0-4% 
NaCl; optimum, 0%. Yeast extract and elemental sulfur stim- 
ulate growth. The following substrates support growth when 
yeast extract, tryptone, and elemental sulfur are present: 


glucose, arabinose, galactose, maltose, mannose, rhamnose, 
lactose, ribose, fructose, sucrose, lactate, mannitol, glycerol, 
and cellobiose. Fumarate, pyruvate, and Casamino acids sup- 
port weak growth. Acetate, formate, butyrate, propionate, 
methanol, peptone, ethanol, propanol, butanol, toluene, 
sorbose, and cellulose are not used. Elemental sulfur is 
reduced to sulfide. Nitrate is reduced to NH ;'. 

Source: isolated from an oilfield well head in the Western 
Canadian Sedimentary Basin (Canada). 

DNA G+C content (mol% ): 40.8 (HPLC). 

Type strain: BN3, DSM 16547, JCM 12565. 

Sequence accession no. (16S rRNA gene): AY570690. 


Genus VI. Proteiniphilum Chen and Dong 2005, 2259"? 


THE EprroniAL BoARD 


Pro.tei’ni.phi.lum. N.L. neut. n. proteinum protein; Gr. adj. philos -ë -on loving; N.L. neut. n. Proteiniphilum 


protein-loving. 


Rods 0.6-0.9 x 1.9-2.2 um. Motile by means of lateral fla- 
gella. Nonsporeforming. Gram-stain-negative. Obligately 
anaerobic. Growth occurs at 20-45°C. Oxidase and catalase- 
negative. Chemo-organotrophic. Proteolytic. Yeast extract 
and peptone can be used as energy sources. Nonsaccharo- 
lytic. Carbohydrates, alcohols, and organic acids (except 
pyruvate) are not used. Gelatin is not hydrolyzed. Not resis- 


tant to 20% bile. The major fermentation products from pep- 
tone-yeast extract (PY) medium are acetic acid and propionic 
acid. Nitrate is not reduced. Cellular fatty acids mainly con- 
sist of iso-branched fatty acids, predominantly C,., anteiso. 
DNA G+C content (mol 96): 46.6-48.9 (T). 
Type species: Proteiniphilum acetatigenes Chen and Dong, 
2005, 2261". 
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Further descriptive information 


During studies of syntrophic propionate-degrading bacteria 
from methanogenic environments, Chen and Dong (2005) 
reported the isolation of mixed cultures consisting of three dif- 
ferent organisms that, in combination, were capable of degrad- 
ing propionate to acetate and methane. The three organisms 
were: a syntrophic, propionate-degrading bacterium; an organ- 
ism resembling Methanobacterium formicicum; and a rod-shaped 
bacterium which did not consume propionate or synthesize 
methane but did accelerate the degradation of propionate by 
the triculture. Chen and Dong classified the latter organism as 
the representative of a new genus, Proteiniphilum, and a new spe- 
cies, Proteiniphilum acetatigenes. 

Colonies of Proteiniphilum acetatigenes on (PY) agar are cir- 
cular, slightly convex, white, translucent, and reach 1.5 mm in 
diameter after 3 d at 37°C. Optimum growth occurs at 37°C. 
The pH range for growth is 6.0-9.7; optimum is 7.5-8.0. 

In addition to yeast extract and peptone, pyruvate, glycine 
and r-arginine can be used as carbon and energy sources. Tryp- 
tone, L-serine, L-threonine, and r-alanine support weak growth. 
Pyruvate is converted to acetic acid and CO,. 


Enrichment and isolation procedures 


Proteiniphilum was isolated from methanogenic propionate-degrad- 
ing mixtures obtained from the granule sludge of an upflow anaer- 
obic sludge blanket reactor for treatment of brewery wastewater. 
Isolation was accomplished by initial serial dilution in anaerobic 


PY medium followed by selection of colonies on anaerobic roll 
tubes. Repeated subculturing of colonies in PY broth followed by 
colony isolation is performed until purity is assured. 


Maintenance procedures 


Routine cultivation can be accomplished in pre-reduced PY 
broth in anaerobic tubes under an atmosphere of 10096 oxy- 
gen-free N, with incubation at 37*C. 


Differentiation of the genus Proteiniphilum 
from related genera 


The rod shape of Proteiniphilum differs from the coccobacillary 
shape of Dysgonomonas species; moreover, unlike Proteiniphilum, 
Dysgonomonasis nonmotile, facultatively anaerobic, ferments glu- 
cose, and has a higher DNA G+C content (47-49 vs 38 mol%). 
The motility of Proteiniphilum and failure to form succinic acid 
as a major end product from glucose differentiate Proteiniphilum 
from Parabacteroides distasonis, Parabacteroides merdae, and Tanner- 
ella forsythia. Unlike Tannerella forsythia, Proteiniphilum does not 
produce phenylacetic acid and butyric acid from glucose. 


Taxonomic comments 


Analysis of 16S rRNA gene sequences indicates that the nearest 
neighbors ofthe type strain are Dysgonomonasspecies (89.6-90.6% 
sequence similarity). The type strain is more distantly related to 
Parabacteroides (85-87% sequence similarity), Porphyromonas (84— 
88%), Prevotella (79-85%), and Tannerella forsythia (89.3%). 


List of species of the genus Proteiniphilum 


1. Proteiniphilum acetatigenes Chen and Dong 2005, 2261"* 


a.ce'ta.ti.gen.es. N.L. acetas -atis acetate; N.L. suff. -genes 
(from Gr. v. gennaó to produce) producing; N.L. part. adj. 
acetatigenes acetate-producing. 


The characteristics are as described for the genus, with the 
following additional features. Milk is not curdled. Starch and 
esculin are hydrolyzed. Indole is not produced. Urease, leci- 
thinase and lipase are not produced. Methyl red and Voges- 
Proskauer tests are negative. H,S is not produced from 
peptone or thiosulfate. NH, is produced from yeast extract, 
peptone and r-arginine. Acetic acid is the main product from 
fermentation of yeast extract, peptone, pyruvate and r-argin- 
ine; propionic acid is also produced. The following substrates 
are not used: adonitol, amygdalin, L-arabinose, L-aspartate, 
butanedioic acid, cellobiose, cellulose, citrate, L-cysteine, 
dulcitol, erythritol, esculin, ethanol, D-fructose, fumarate, 


D-galactose, gluconate, D-glucose, L-glutamine, glycogen, 
hippurate, L-histidine, D-hydroxybutyric acid, inositol, inulin, 
L-isoleucine, D-lactose, L-leucine, L-lysine, malate, malonate, 
p-maltose, mannitol, mannose, melibiose, methanol, L-meth- 
ionine, phenylacetic acid, L-phenylalanine, L-proline, 1-pro- 
panol, raffinose, rhamnose, ribitol, ribose, salicin, p-sorbitol, 
sorbose, succinate, sucrose, starch, trehalose, tryptophan, 
L-tyrosine, L-valine, xylan, and xylose. The major cellular fatty 
acids are C,., anteiso (46.21%), C... (8.90%), C, iso 3-OH 
(5.93%), and C., anteiso (5.15%). 

Source: the type strain was isolated from the granule sludge 
of an Upflow Anaerobic Sludge Blanket (UASB) reactor 
treating brewery wastewater. 

DNA G+C content (mol % ): 46.6-48.9 (T). 

Type strain: TB107, AS 1.5024, JCM 12891. 

Sequence accession no. (16S rRNA gene): AY742226. 


17:0 


Genus VII. Tannerella Sakamoto, Suzuki, Umeda, Ishikawa and Benno 2002, 848"? 


Mirsuo SAKAMOTO, ANNE C. R. TANNER AND YOSHIMI BENNO 


Tan.ne.rel'la. L. dim. suffix -ella; N.L. fem. dim. n. Tannerella named after the American microbiologist Anne 
C. R. Tanner, for her contributions to research on periodontal disease. 


Fusiform cells, generally 0.3-0.5 x 1-30 um. Gram-negative. 
Nonmotile. Obligately anaerobic. N-acetylmuramic acid (NAM) 
is required for growth (some strains do not require NAM). 
Growth is inhibited in the presence of 2076 bile. The major 
end products are acetic acid, butyric acid, isovaleric acid, propi- 
onic acid, and phenylacetic acid; smaller amounts of isobutyric 


acid and succinic acid may be produced. Esculin is hydrolyzed. 
Indole variable. Trypsin activity is positive. Glucose-6-phosphate 
dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase 
(6PGDH), malate dehydrogenase, and glutamate dehydro- 
genase are present. The principal respiratory quinones are 
menaquinones MK-10 and MK-11. Both nonhydroxylated and 
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3-hydroxylated long-chain fatty acids are present. The nonhy- 
droxylated acids are predominantly of the saturated straight- 
chain and anteiso methyl-branched-chain types. The ratio of 
Ciso anteiso to C, iso is high (220). Isolated originally and 
principally from human oral cavity. Tannerella forsythia has been 
associated with periodontal disease, root canal infections, and 
peri-implantitis. 

DNA G+C content (mol % ): 44—48. 

Type species: Tannerella forsythia corrig. (Tanner, Listgarten, 
Ebersole and Strzempko 1986) Sakamoto, Suzuki, Umeda, 
Ishikawa and Benno 2002, 848V* (Bacteroides forsythus Tanner, 
Listgarten, Ebersole and Strzempko 1986, 216). 

Sequence accession no. (16S rRNA gene): L16495. 


Further descriptive information 


The genus Tannerella is a member of the Bacteroides subgroup 
of the Cytophaga—Flexibacter-Bacteroides (CFB) phylum (Paster 
et al., 1994) that is referred to as the phylum Bacteroidetes in this 
edition of the Manual. 

In the absence of NAM, cells of Tannerella forsythia are often 
pleomorphic and occur as rods with tapered (fusiform) or 
rounded ends, long filaments, and spheroids. The spheroids 
frequently occur in the center of cells and enlarge the diameter 
of the cell to approximately 5 um. The spheroids are observed 
free from the rod forms (Tanner et al., 1979); this cell morphol- 
ogy has been attributed to the presence of a weakened cell wall 
(Wyss, 1989). In the presence of NAM, cells are regular with 
rounded or tapered ends (Braham and Moncla, 1992). 

In cell cross-sections stained with uranyl acetate and lead cit- 
rate and observed by electron microscopy, the outer membrane 
consists of an outer layer that is approximately 4 nm thick, an 
inner layer that is 1 nm thick, and a 2 nm electron-lucent space 
in between. The inner membrane consists of two electron-dense 
layers, each approximately 2 nm wide, with a 2 nm intervening 
electron-lucent layer. The inner and outer membranes are sep- 
arated by a moderately electron-dense zone that is about 16 nm 
wide and appears to lack a distinct peptidoglycan layer. A regu- 
lar structured external layer surrounds the outer membrane 
and consists of subunits, which in some cross-sections resemble 
adjacent arches that are 10 nm wide and 10 nm high. These 
subunits are separated from the outer membrane by a 12 nm 
electron-lucent zone. Electron-dense radial connections appear 
to extend from the subunits to the outer surface of the outer 
membrane. Negative staining of tangential sections through 
the cell periphery indicates that the subunits in the outermost 
layer are packed in an orthogonal array (Tanner et al., 1986). 

The predominant cellular fatty acids are C,. , anteiso and C, 
3-OH. In contrast, Bacteroides and Parabacteroides species possess 
significant levels of C,., anteiso and C, iso 3-OH. Moreover, 
the ratio of C; anteiso to C, iso in whole-cell methanolysates 
of Tannerella forsythia is very much higher than those of Bacte- 
roides and Parabacteroides species (Sakamoto and Benno, 2002, 
2006): the ratios range from 22.8 to 95.2% in Tannerella forsythia 
strains but only from 1.9 to 10.396 in Bacteroides and Parabacteroi- 
des species. This is an important feature that differentiates Tan- 
nerella forsythia from Bacteroides and Parabacteroides species. 

Colonies are pale, speckled pink, circular, entire, and slightly 
convex on Trypticase soy agar supplemented with 5% (v/v) 
sheep blood (TSBA) and a NAM disk (Braham and Moncla, 
1992). The colonies are generally small with a diameter of 


0.5-2 mm after 7-10 d incubation at 37°C. Tannerella forsythia is 
a strict anaerobe and requires CO, and H, in the atmosphere 
for growth on agar surfaces. Growth on agar is stimulated by 
the presence of Fusobacterium nucleatum (and strains of Strepto- 
coccus sanguinis, Bacteroides fragilis, Campylobacter rectus, Prevotella 
intermedia, and Veillonella parvula) in a satellite pattern (Tanner 
et al., 1986). 

The growth of Tannerella forsythia strains is inhibited on bacte- 
roides bile esculin agar. In contrast, the growth of Bacteroides and 
Parabacteroides species is not inhibited on the media containing 
20% bile. In addition, Tannerella forsythia requires exogenous 
NAM as a growth factor (Wyss, 1989). These characteristics are 
important features that differentiate Tannerella forsythiafrom the 
Bacteroides fragilis group and the genus Parabacteroides. Braham 
and Moncla (1992) reported that Tannerella forsythia strains iso- 
lated from subgingival plaque samples from monkeys (Macaca 
fascicularis) also require NAM for growth. However, Tannerella 
forsythia strains recovered from cat and dog bite wound infec- 
tions in humans do not require NAM for growth (Hudspeth 
et al., 1999). These results suggest that there are host-specific 
biotypes within the species of 7annerella forsythia. 

Tannerella forsythia does not react in the API 20A or API 20E 
test series but does react in other resting cells tests, including 
API ZYM, API AN-IDENT (Tanner et al., 1985, 1986), and fluo- 
rogenic substrate tests (Maiden et al., 1996). Tannerella forsythia 
strains give positive results for o-glucosidase, p-glucosidase, 
a-fucosidase, and f-glucuronidase. In the absence of NAM 
there is no detectable pH decrease in media supplemented with 
carbohydrates (Tanner et al., 1985, 1986). These results suggest 
that Tannerella forsythia may grow too poorly in that medium to 
ferment the carbohydrate, that cells may have trouble transport- 
ing the sugars across their membranes for use in the glycolytic 
pathway, or may overproduce methyl glyoxyl, thereby leading to 
toxicity and growth inhibition (Maiden et al., 2004). 

The genome-sequencing project of Tannerella forsythia ATCC 
43037' has been completed by The Institute for Genomic 
Research (TIGR). A total of 3034 open reading frames are pre- 
dicted from the genomic sequence of 3,405,543 bp in length 
based on the annotation provided by the Oral Pathogen 
Sequences Databases (ORALGEN, http:/ /www.oralgen.lanl.gov). 
The preliminary genomic annotations as well as a variety of 
bioinformatics tools useful for studying the Tannerella forsythia 
genome are available at both the ORALGEN and Bioinformat- 
ics Resource for Oral Pathogens (BRoP, http:/ /www.brop.org) 
(Chen et al., 2005) project web sites. 

The minimum inhibitory concentrations (MICs) of antimi- 
crobial agents have been reported by Takemoto et al. (1997). 
Tannerella forsythia strains are most sensitive to clindamycin and 
metronidazole. Tannerella forsythia shows a comparatively lower 
susceptibility to ciprofloxacin. Most strains are sensitive to peni- 
cillin G, ampicillin, amoxycillin, tetracycline, doxycycline, and 
erythromycin. 

Tannerella forsythia has been associated with advanced forms 
of periodontal disease, including severe and refractory perio- 
dontitis. Unlike other periodontopathic bacteria, such as Por- 
phyromonas gingivalisand Prevotella intermedia, Tannerella forsythia 
is difficult to culture, and its prevalence in periodontal disease 
may be underestimated. Tannerella forsythia is synergistic with 
Porphyromonas gingivalis, and the presence of both accelerates 
progression of the disease (Yoneda et al., 2001). Pathogenic 
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factors include a trypsin-like protease (PrtH) (Saito et al., 
1997) and a variety of glycosidases, such as o-D-glucosidase, 
N-acetyl-B-D-glucosaminidase (Hughes et al., 2003), and siali- 
dase (Ishikura et al., 2003). Tan et al. (2001) determined the 
prevalence and the association of the prtH gene of Tannere- 
lla forsythia in adult periodontitis and periodontally healthy 
patients. Among the 86 diseased sites examined, 73 (8596) 
were colonized by Tannerella forsythia with the prtH genotype. 
In sites of the periodontally healthy, only 7 of 73 (1096) pos- 
sessed Tannerella forsythia with the prtH genotype. These find- 
ings suggest a strong association of the prtH gene of Tannerella 
forsythia with adult periodontitis. 

The outer surface of Tannerella forsythia is covered by an 
S-layer (surface layer) composed of two protein subunits (200 
and 210 kDa) that mediate adherence and invasiveness (Sabet 
et al., 2003). Although mice immunized with purified S-layer 
and Tannerella forsythia whole cells did not develop any abscesses 
when challenged with viable Tannerella forsythia cells, unimmu- 
nized mice developed abscesses (Sabet et al., 2003). Other viru- 
lence factors include the cell-surface-associated protein (BspA) 
that mediates adherence to fibronectin (an extracellular matrix 
component), and fibrinogen (a clotting factor) (Sharma et al., 
1998). Honma et al. (2001) constructed a BspA-defective 
mutant of Tannerella forsythia that showed a reduced ability to 
adhere to fibronectin and fibrinogen compared with the wild- 
type strain (ATCC 430377). Sharma et al. (2005) demonstrated 
alveolar bone loss in mice infected with the Tannerella forsythia 
wild-type strain, whereas this effect was impaired when the BspA 
mutant was used. 

Huang et al. (2003) investigated the distribution of Tanner- 
ella forsythia genotypes in a Japanese periodontitis population, 
and also the relationship between different genotypes and the 
periodontal status, using the arbitrarily primed polymerase 
chain reaction (AP-PCR) method. 7annerella forsythia ATCC 
43037" and 137 clinical bacterial isolates were separated into 11 
distinct AP-PCR genotypes. The majority of Tannerella forsythia 
strains examined belonged to AP-PCR genotypes I (including 
ATCC 43037"), IL, III, and IV (accounting for 39.7, 20.6, 10.3, 
and 10.3%, respectively). The strains of Types I and III were 
mainly isolated from chronic periodontitis subjects, whereas 
the strains of Types II and IV were mainly isolated from aggres- 
sive periodontitis subjects. 

A Tannerella phylotype (oral clone BU063: GenBank acces- 
sion no. for 16S rRNA gene is AY008308) was associated with 
periodontal health, in contrast to Tannerella forsythia strains that 
were associated with periodontal disease (Kumar et al., 2003; 
Leys et al., 2002). 

Tannerella forsythia is found in the subgingival, gingival, and 
periodontal pockets, in dental root canals (Conrads et al., 1997), 
and around infected dental implants (Tanner et al., 1997) of 
humans. Tannerella forsythia has been also found in monkey 
(Macaca fascicularis) subgingival plaque samples (Braham and 
Moncla, 1992). In addition, Tannerella forsythia strains have 
been recovered from cat- and dog-bite wound infections in 
humans (Hudspeth et al., 1999). Tannerella forsythia has also 
been detected in atheromatous plaques (Haraszthy et al., 2000) 
and in buccal epithelial cells (Rudney et al., 2005) of humans. 
From clone libraries of 16S rRNA gene sequences from termite 
guts, phylotypes related to Tannerella forsythia have been found 
(Hongoh et al., 2005, 2003). 


Enrichment and isolation procedures 


Isolation and identification of Tannerella species has been 
described (Braham and Moncla, 1992; Tanner et al., 1998; 
Umeda et al., 1996). Rapid presumptive identification of clini- 
cal isolates of Tannerella forsythia is based on the following eight 
criteria (Braham and Moncla, 1992): (1) positive activity for 
a-glucosidase, (2) positive activity for B-glucosidase, (3) posi- 
tive activity for sialidase, as it has been reported that sialidase 
activity is useful for identification of Tannerella forsythia (Mon- 
cla et al., 1990), (4) positive activity for trypsin-like enzyme, 
(5) negative indole production, (6) requirement for NAM, (7) 
colonial morphology, and (8) Gram stain morphology from 
blood agar medium deficient in NAM. The trypsin-like activ- 
ity is measured by the benzoyl-DL-arginine-naphthylamide 
(BANA) test (Loesche et al., 1990). BANA-positive non-black- 
pigmented bacteria are subcultured with the plates with or 
without the NAM disk. Subsequently, bacterial colonies that 
grow only on the plates with NAM are screened as Tannerella 
forsythia. Finally, five filter paper fluorescent spot tests [for 
indole (Sutter and Carter, 1972), a-glucosidase, B-glucosidase, 
sialidase, and trypsin-like enzyme] are used for identifica- 
tion of Tannerella forsythia (Braham and Moncla, 1992). For 
the trypsin-like enzyme assay, N-o-carbobenzoxy-l-arginine-7- 
amino-4-methylcoumarin hydrochloride (CAMM), fluorogenic 
substrate, is used. 

An agar-free broth medium for Tannerella forsythia has been 
developed by Wyss (1989). This medium consists of BHI broth 
supplemented with fetal calf serum (FCS) and NAM. Some 
strains grew without the addition of FCS. 


Maintenance procedures 


The organism can be maintained by transfer on the same media 
used for isolation. Recommended procedures for long-term 
preservation are lyophilization, freezing at —80°C, or storage in 
liquid nitrogen. Cryoprotective agents such as 10% glycerol or 
DMSO should be added to cultures before freezing, and heavy 
cell concentrations should be used. 


Differentiation of the genus Tannerella from other genera 


Differential characteristics of the genus Tannerella and some 
related taxa are shown in Table 20. Although Tannerella for- 
sythia is phylogenetically related to Parabacteroides species, the 
ratio of C,., anteiso to C,., iso in whole-cell methanolysates 
of Tannerella forsythia is different from those of Parabacteroides 
species. While the ratios of C; anteiso to C,., iso range from 
22.8 to 95.2 in Tannerella forsythia strains (Sakamoto et al., 
2002), those of Parabacteroides species range from 3.1 to 10.3. 
In addition, although the major menaquinones of Tannerella 
forsythia are MK-10 and MK-11, the major menaquinones of 
Parabacteroides species are MK-9 and MK-10 (Sakamoto and 
Benno, 2006). 


Taxonomic comments 


As shown in Figure 21, Tannerella exhibits a close phyloge- 
netic association with the genus Parabacteroides (Sakamoto and 
Benno, 2006). 

The name Bacteroides forsythus was published by Tanner et al. 
(1986) but did not appear on a Validation List in the IJSEM. 
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TABLE 20. Differential characteristics of the genus Tannerella and some related taxa* 


Characteristic Tannerella — Parabacteroides Bacteroides Dysgonomonas Paludibacter Porphyromonas Prevotella | Proteiniphilum 
Growth in bile _ + + + _ _ _ _ 
Aerobic growth _ _ + _ _ _ 
NAM required + _ _ _ _ _ _ - 
a-Fucosidase + - D D nt — D nt 
produced 
Catalase produced D D D D _ D D _ 
Indole produced D _ D D _ D D _ 
Esculin hydrolyzed + + D D + _ D + 
Pigment produced _ _ _ _ _ + D _ 
Metabolism NF F F F F NF" MF NF 
Major end products A, B, IV, P, PA A,S A,S PRLS A, P A, B, IV, P, A,S A,P 
PA,S 
Presence of: 
G6PDH + + + nt nt D _ nt 
6PGDH + + + nt nt D - nt 
Proteolytic activity * - - D nt D D * 
Major cellular fatty C,,,anteiso ^ C,,,anteiso C, anteiso C ug 1505 Cg C.so anteiso, Cs: iso' Ci gs Czo anteiso 
acids anteisoandC,,, Ciso and Czo anteiso 
iso 3-OH anteiso 3-OH 
Ratio of C., anteiso 22.8-95.2 3.1-10.3 1.9-8.2 6.0-8.8 28 <l 1.2-11.3 12.3 
to Cz. iso 
Predominant MK-10, MK-11 MK-9, MK-10. MK-10, MK-11 nt MK-8 MK-9, MK-10 = MK-10, nt 
menaquinones MK-11, 
MK-12, 
MK-138 
Growth at 37°C + + + + ú + + + 
DNA G«C content 44-48 43-46 40—49 38-38.5 39.3 40-55 40-60 46.6 
(mol%) 
Principal habitat Periodontal Feces Feces Human clinical Irrigated rice Oral cavities Oral UASB sludge 
pockets specimen field soil cavities 


*Data from Chen and Dong (2005), Hofstad et al. (2000), Lawson et al. (20022), Sakamoto et al. (2002, 2006), Song et al. (2005), and Ueki et al. (2006). Symbols and 
abbreviations: +, positive; —, negative; D, different reactions in different species; nt, not tested; NF, nonfermentative; F, fermentative; MF, moderately fermentative; 
A, acetic acid; B, butyric acid; IV, isovaleric acid; L, lactic acid; P, propionic acid; PA, phenylacetic acid; S, succinic acid; G6PDH, glucose-6-phosphate dehydrogenase; 
6PDGH, 6-phosphogluconate dehydrogenase; UASB, upflow anaerobic sludge blanket. 


"The bite wound isolates do not require Macetylmuramic acid (NAM) for growth. 
“Porphyromonas asaccharolytica produces a-fucosidase. 

“Porphyromonas catoniae does not produce a black pigment on blood agar 

“Some species are weakly saccharolytic. 

‘Porphyromonas catoniae contains approximately equal amounts of C 
Prevotella dentalis lacks menaquinones. 
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Thus, the name was illegitimate when Sakamoto et al. (2002) 
created the genus Tannerella for the organism in and renamed 
Bacteroides forsythus as Tannerella forsythensis. Although this name 
is legitimate, Maiden et al. (2003) requested an Opinion from 
the Judicial Commission that the original adjectival form of 
the specific epithet be conserved, i.e., “Tannerella forsythia”. In 
Opinion 85, the Judicial Commission (2008) agreed with the 
proposal of Maiden et al. (2003). 


anteiso and C, iso as the predominant fatty acids. 


Further reading 


Holt, S.C. and J.L. Ebersole. 2005. Porphyromonas gingivalis, 
Treponema denticola, and Tannerella forsythia: the “red com- 
plex”, a prototype polybacterial pathogenic consortium in 
periodontitis. Periodontol. 2000 38: 72-122. 

Socransky, S.S. and A.D. Haffajee. 2005. Periodontal microbial 
ecology. Periodontol. 2000 38: 135-187. 

Tanner, A.C. and J. Izard. 2006. Tannerella forsythia, a periodon- 
tal pathogen entering the genomic era. Periodontol. 2000 42: 
88-113. 


List of species of the genus Tannerella 


1. Tannerella forsythia corrig. (Tanner, Listgarten, Ebersole 
and Strzempko 1986) Sakamoto, Suzuki, Umeda, Ishikawa 
and Benno 2002, 848°? (Bacteroides forsythus Tanner, Listgar- 
ten, Ebersole and Strzempko 1986, 216) 


for.sy.then'sis. N.L. fem. adj. forsythia pertaining to the For- 
syth Dental Center, where the species was first isolated. 


The characteristics are as given for the genus and as listed 
in Table 20. 

DNA G+C content (mol % ): 46 (T. ). It is currently reported 
at 46.8 mol% based on the genome sequence (http://www. 
oralgen.lanl.gov). 

Type strain: JCM 10827, ATCC 43037, CCUG 21028 A, 
CCUG 33064, CCUG 33226, CIP 105219, FDC 388. 
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FIGURE 21. 


100 —— Porphyromonas endodontalis ATCC 35406" (L16491) 

— L| ——-Popüremone circumdentaria NCTC 12469! (L26102) 
mr asaccharolytica ATCC 25260! (L16490) 

Tannerella forsythia JCM 10827! (L16495) 
Parabacteroides goldsteinii JCM 13446" (AY974070) 
Parabacteroides merdae JCM 9497! (AB238928) 

95 Parabacteroides distasonis JCM 5825! (AB238922) 

Proteiniphilum acetatigenes JCM 12891T (AY742226) 


Tec Paludibacter propionicigenes JCM 13257" (AB078842) 
di r——- Dysgonomonas mossii CCUG 43457! (AJ319867) 
——- Dysgonomonas gadei CCUG 42882! (Y18530) 
Dysgonomonas capnocytophagoides CCUG 179961 (U41355) 
"Odoribacter splanchnicus” NCTC 10825! (L16496) 
Alistipes putredinis ATCC 29800" (L16497) 
[Bacteroides] cellulosolvens ATCC 35603! (L35517) 


Phylogenetic tree showing the relationship between the genus Tannerella and some related taxa. The 


tree was constructed by the neighborjoining method based on 16S rRNA gene sequences. Numbers at nodes indi- 
cate the percentage bootstrap values of 1000 replicates. Bar = 0.05 substitutions per nucleotide position. Accession 
numbers for 16S rRNA gene sequences are given for each strain. 


Sequence accession no. (16S rRNA gene): L16495. 

Genome: GenBank accession number withheld until pub- 
lication of the original paper. Meanwhile, the sequence is 
available at ORALGEN. 
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Family V. Prevotellaceae fam. nov. 


NoEL R. KRIEG 


Pre.vo.tell.a.ce’a.e. N.L. fem. n. Prevotella type genus of the family; suff. -aceae ending to denote 
a family; N.L. fem. pl. n. Prevotellaceae the Prevotella family. 


At present, the family is comprised of the type genus Prevotella 
and Xylanibacter. The organisms are anaerobic, nonsporeform- 
ing, nonmotile, rods that stain Gram-negative. Saccharolytic. 
The principal respiratory quinones are unsaturated menaqui- 
nones with 8-13 isoprene units, depending upon the species. 


Some characteristics that differentiate the genera are given in 
Table 21. 

Type genus: Prevotella Shah and Collins 1990, 205 emend. 
Willems and Collins 1995, 834. 


TABLE 21. Some characteristics that differentiate the genera of the family Prevotellaceae 


Characteristic 


Prevotella 


Xylanibacter 


Cell shape 
Major products of glucose fermentation 
Isolated from 


Short rods 
Succinate and acetate 
Primarily isolated from oral cavity, but also urogenital 


Short to filamentous rods 
Acetate, propionate, and succinate 
Anoxic rice-plant residue 


and intestinal tracts of animals 


DNA G+C content (mol%) 


40-52 44 
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Genus l. Prevotella Shah and Collins 1990, 205"? emend. Willems and Collins 1995, 834VP 


Haroun N. SHAH, Marie ANNE CHArTAWAY, LAKSHANI RAJAKURANA AND SAHEER E. GHARBIA 


Pre.vo.tel'la. N.L. dim. ending ella; N.L. fem. n. Prevotella, named after the French microbiologist, A. R. 


Prévot, a pioneer in anaerobic microbiology. 


Short rods. Nonsporeforming. Nonmotile. Gram-stain-nega- 
tive. Anaerobic. Moderately saccharolytic. Growth is inhibited 
by 20% bile. Succinic and acetic acids are the major metabolic 
end products in peptone-yeast extract-glucose (PYG) broth, but 
lower levels of other short-chain acids may be produced. Malate 
dehydrogenase and glutamate dehydrogenase are present, but 
glucose-6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase are absent. Sphingolipids are produced. The 
nonhydroxylated long-chain fatty acids are primarily of the 
straight-chain saturated and monounsaturated types; methyl 
branched fatty acids are either absent or present in small 
amounts. Porphyrins are produced by pigmented species, while 
menaquinones are the sole respiratory quinones found in all 
species so far studied. Diaminopimelic acid is the only diba- 
sic amino acid in the peptidoglycan (Miyagawa et al., 1981). 
Neither heptose nor 2-keto-3-deoxyoctulosonic acid has so far 
been reported (Hofstad, 1974). The primary site of isolation is 
the oral cavity, but more recently species have been reported 
from the intestinal tract of man and animals. 

DNA G+C content (mol % ) of most species: 40—52. 

Type species: Prevotella melaninogenica (Oliver and Wherry 
1921) Shah and Collins 1990, 206" emend. Wu, Johnson, 
Moore and Moore 1992, 536%” [Fusiformis nigrescens Schwa- 
bacher, Lucas and Rimington 1947, 109; Bacteroides melanino- 
genicus (Oliver and Wherry 1921) Roy and Kelly 1939, 569"; 
Ristella melaninogenica (Oliver and Wherry 1921) Prévot 1938, 
290; Hemophilus melaninogenicus (sic) (Oliver and Wherry 1921) 
Bergey, Harrison, Breed, Hammer and Huntoon 1930, 314; 
Bacterium melaninogenicum Oliver and Wherry 1921, 341]. 


Further descriptive information 


The genus Prevotella includes species that produce black, brown, 
beige or non-pigmented colonies on blood agar plates. How- 
ever, all appear to have the capacity to produce protoporphyrin 
and protoheme (Figure 22), which form the prosthetic group 
of cytochromes. Prior to colonies becoming black (due to over 
production of protoheme), the brown/beige centers of the col- 
onies show brilliant red fluorescence under long wave ultravio- 
let radiation (365 nm) due to the production of protoporphyrin 
(Shah et al., 1979). Once black, (-3-7 d) the UV fluorescence 
is quenched by virtue of the stabilization of the ring structure 
of the iron-porphyrin complex (Shah et al., 1979) and colonies 
appear consistently black. Factors such as the type of blood, 
hemolysis, temperature, pH, the presence of other isolates, etc., 
determine the depth and rate of pigmentation. Other charac- 
teristic electron carriers present in Prevotella species are respira- 
tory quinones. However, only one type, viz. menaquinones, is 
produced; ubiquinones have not been reported. The former 
are detectable by scanning cell extracts in iso-octane solution 
between 240 and 360 nm. Absorption maxima at 244, 248, 260, 
269 and 328 nm are characteristic of such compounds (Figure 
23). Reduction (e.g., with potassium borohydrate) results in 
bleaching of absorption at 260- 269 nm and a concomitant 
increase in absorption at 246 nm. These spectral characteris- 
tics are consistent with the presence of menaquinones that may 


CO,H COH 

FIGURE 22. Major porphyrins found in pigmented species of Prevotella 
that give the colonies their characteristic appearance on blood agar 
plates. (Top) The non-UV fluorescent protohemin showing its stabi- 
lization by iron in the ring structure. (Bottom) Protoporphyrin; the 
absence of iron from the porphyrin system enables excitation under 
long-wavelength UV radiation (365 nm) and the brilliant red fluores- 
cence observed in some species (see text). 


be used to confirm members of the genus. However, the num- 
ber of isoprene units is characteristic for several species and 
can be ascertained by chromatography or mass spectrometry 
(Shah and Collins, 1980) (Figure 24). Both the porphyrins and 
menaquinones form part of an anaerobic electron transport 
system that is essential to the physiology of this group and there- 
fore they are likely to be stable characters. 


Enrichment and isolation procedures 


Because energy conservation in Prevotella species resolves 
around porphyrins and menaquinones, their respective precur- 
sors, viz. heme and menadione, are required for growth. On 
blood agar plates, it is unnecessary to add these compounds to 
the medium, but their inclusion in liquid culture is essential 
for growth. Hemin is added at 0.5 mg%, while menadione is 
added at 0.05 mg%. Peptides, rather than free amino acids, are 
required as sources of nitrogen for growth. This requirement 
may be met by protein hydrolysates such as trypticase, proteose 
peptone or yeast extract that have a pronounced effect upon 
growth. However, these species are also moderately saccharo- 
lytic; hence, the inclusion of glucose also helps to stimulate 
growth. There are many published methods for enrichment 
and isolation of these species, but all media contain the above 
components with a thiol reducing agent. A typical enrichment 
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FIGURE 23. Demonstration of the presence of menaquinones in Pre- 
votella species. Dried cells are taken up in isooctane solution and the 
absorption spectrum between 240 and 350 nm recorded. Characteristic 
maxima at 244, 248, 260, 269, and 328 nm that are reduced with potas- 
sium borohydride (see above, dotted lines) demonstrate the presence 
of menaquinones. Confirmation of the number of isoprene units is 
achieved using mass spectrometry (see Figure 24). 


medium, often referred to as “BM” (Shah et al., 1976) consists 
of the following (g/1): trypticase (10), proteose peptone (10), 
yeast extract (5), glucose (5), sodium chloride (5) and cysteine 
hydrochloride (0.75), together with hemin and menadione at 
the above concentrations. The medium is adjusted to pH 7.4 
and autoclaved for the standard 121°C for 15 min. The medium 
needs to be prepared fresh, especially for isolation. Many of 
these species are particularly difficult to isolate initially, but 
once cultured they adapt readily. 


Maintenance procedures 


Prevotella species possess an electron transport system in which 
the anaerobic reduction of fumarate takes place. The redox 
potential of the fumarate/succinate couple at pH 7.0 is about 
-200 mV greater that the redox couples used by more exacting 
anaerobes such as methane producing or nitrogen-fixing bacte- 
ria (-400 mV). Consequently, the very rigid procedures used for 
the latter are unnecessary for Prevotella species. Once isolated, 
most standard blood agar media (with 0.5%, v/v, horse blood) 
may be used to maintain the organisms. Broth cultures are use- 
ful for obtaining large quantities of biomass, but are not use- 
ful for maintaining cells. On blood agar, cells will grow rapidly 
(1-2 d) butmay be lost if care is not taken to subculture every 
few days. This is particularly so for species such as Prevotella 
intermedia or Prevotella nigrescens that grow rapidly and produce 
a jet black pigment on blood agar plates (Shah and Gharbia, 
1992). If the entire colony becomes black and often “dry”, the 
organisms rapidly loose their viability. When subculturing from 
such colonies, a large number of colonies should be taken over 
to the fresh plate to ensure their survival. It is essential there- 


fore, for long-term storage and weekly subculture, that cells are 
taken from the early exponential phase prior to pigmentation 
or from central parts of the colony that are non-pigmented/ 
beige during the first few days of growth. Dense cells suspen- 
sions (^10? per ml) may be lyophilized or kept frozen on beads 
at -80°C. These should be prepared with minimum expose to 
air or, if available, prepared in an anaerobic chamber. Main- 
tenance on standard laboratory slope media or growth and 
storage in Robertson Cooked Meat broth will result in a loss of 
viability. 


Differentiation of the genus Prevotella 
from other genera 


Members of the genera Prevotella and Porphyromonas previously 
belonged to the genus Bacteroides (Holdeman et al., 1984; 
Olsen and Shah, 2001; Werner, 1991). However, they differed 
so markedly in biochemical and chemical properties from 
the type species, Bacteroides fragilis, that they were reclassified 
into separate genera. Porphyromonas encompasses species that 
are nonfermentative or very weakly fermentative, whereas Pre- 
votella species are moderately fermentative. These proposals for 
reclassification were made well before the acceptance of 16S 
rRNA gene sequencing, but have now been substantiated by 
comparative sequence analysis of this gene (see Figure 25), and 
the number of new species added to both genera continue to 
increase significantly. 

Biochemically, Prevotella species appear to occupy an ecolog- 
ical niche where there is a limited range of carbohydrates and 
free amino acids. Thus, unlike Bacteroides species that thrive 
in the intestinal tract and are able to ferment a vast array of 
available carbohydrates, the natural habitat of Prevotella and 
Porphyromonas species appears to be mainly the oral cavity 
(especially supra- and sub- gingival dental plaque), where 
there is a more restricted range of fermentable substrates. Por- 
phyromonas species are generally nonfermentative and flourish 
in more inaccessible, anoxic environments as part of diverse 
bacterial communities where nitrogenous substrates rather 
than carbohydrates are available. Some species such as Porphy- 
romonas gingivalis produce potent proteinases such as a- and 
P-gingivain (Shah et al., 1993) that release amino acids and 
peptides for growth (Shah and Williams, 1987a, b). Prevotella 
species appear to occupy an “intermediate niche” and their 
biochemical properties are reflected in their function. Some 
species have limited proteolytic activities, and all species, 
except the recently proposed “Prevotella massiliensis” (Berger 
et al., 2005), ferment a limited range of carbohydrates such as 
sucrose or lactose (see Table 22). They differ markedly from 
the genus Bacteroides (sensu stricto) in lacking enzymes of the 
pentose phosphate pathway-hexose monophosphate shunt 
(vix. glucose-6-phosphate dehydrogenase and 6-phosphog- 
luconate dehydrogenase), and because their major habitat 
is the oral cavity they are unable to grow in the presence of 
bile. Glutamate and aspartate have been identified among the 
amino acids metabolized, (Shah and Williams, 1987a, b). Con- 
sequently, the enzymes glutamate dehydrogenase and malate 
dehydrogenase are present and are key markers of the genus. 
Aspartate catabolism is inextricably linked to the utilization of 
an electron transport system involving both cytochromes (e.g., 
cytochrome b) and the respiratory quinones (e.g., menaqui- 
nones), in which fumarate acts as an electron sink in accept- 
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FIGURE 24. Mass spectra of the unsaturated menaquinones of three species. Below. Bacteroides ochraceus (later Capnocytophaga) that previously 
belonged to this group. It was excluded initially on the basis that it contained six isoprene units (MK-6). Similarly (Top) Porphyromonas was 
separated on the basis of major levels of MK-9. By contrast, most Prevotella species analyzed to date possess significant levels of MK-10, MK-11, or 
MK-12 with lower levels of MK-8, MK-9, and MK-13. The mass spectrum (MK-6, Bottom) shows the characteristic fragmentation pattern of such a 
compound. The major mass ion at 580 is its molecular weight, 565 (M* -15) loss of the ring methyl group (CH,), while mass ions at 239, 307, 375, 
443, and 511 are attributable to the loss of isoprene (68 mass units). Intense peaks at m/e 187 and 225 are derived from the 1-4 naphthoquinone 
nucleus and are characteristic of menaquinones. This property, which was first introduced for the characterization of the Bacteroidaceae (Shah and 
Collins, (1980, 1983), is now increasingly being reintroduced to support new diversity revealed by16S rRNA sequence analysis (see e.g., Sakamoto 


et al., 2005a, b). 


ing reducing equivalents from reduced coenzymes generated 
during catabolism. Components of this system are therefore 
key features of this genus and have been used as exclusion- 
ary criteria in delineating species of this genus. Species are 
therefore characterized by the presence of unsaturated 
menaquinones with predominantly 10-13 isoprene units. 
Both nonhydroxylated and 3-hydroxylated fatty acids are pres- 
ent, with the former being predominantly straight-chain satu- 
rated, anteiso- and iso-methyl and branched-chain types. The 


DNA base compositions are within the approximate range of 
40-52 mol% G4C. 


Differentiation of the species of the genus 
Prevotella 


The genus Prevotella includes 34 validly published species and 
one that is not validly published. Table 22 gives the phsiological 
characteristics helpful in differentiating the species. The list of 
species is given below. 


List of species of the genus Prevotella 


1. Prevotella melaninogenica (Oliver and Wherry 1921) Shah 
and Collins 1990, 206’ emend. Wu, Johnson, Moore and 
Moore 1992, 536%” [ Fusiformis nigrescens Schwabacher, Lucas 
and Rimington 1947, 109; Bacteroides melaninogenicus (Oli- 
ver and Wherry 1921) Roy and Kelly 1939, 569^; Ristella 
melaninogenica (Oliver and Wherry 1921) Prévot 1938, 290; 
Hemophilus melaninogenicus (sic) (Oliver and Wherry 1921) 
Bergey, Harrison, Breed, Hammer and Huntoon 1930, 314; 
Bacterium melaninogenicum Oliver and Wherry 1921, 341]. 


me.la.ni.no.ge'ni.ca. N.L. n. melaninum melanin; N.L. adj. 
genicus -a -um producing, probably derived from Gr. n. 
geneles a begetter; N.L. fem. adj. melaninogenica melanin 


producing. [Note: the black pigment produced by this 
organism is due to protoheme (Shah et al., 1979) and not 
to melanin, as originally thought.] 


The description is from Holdeman and Johnson (1982), 
Holdeman et al. (1984), Miyagawa et al. (1978, 1979, 1981), 
Miyagawa and Suto (1980), Shah et al. (1979, 1976), Shah 
and Collins, (1990, 1980, 1983), Shah and Williams (1982), 
Gregory et al. (1978), Lambe et al. (1974) and van Steen- 
bergen et al. (1979). Cells are rods 0.5-0.8 x 0.9-2.5 um; 
occasional cells are 10 um long in glucose broth cultures. 
Colonies grown on blood agar are 0.5-2 mm in diameter, 
circular and entire, convex and shiny; cells are usually 
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darker in the center of the colony; edges are gray to light 
brown and become darker upon continued incubation (5- 
14 d). Before the pigmentation develops, the lighter areas 
of the colony exhibit bright red fluorescence under long 
wave ultraviolet radiation (365 nm), which is helpful in the 
presumptive identification of this species. Cells grown on 
hemolyzed laked blood agar develop pigment more rapidly; 
some strains do not produce black pigment on horse blood 
agar, but do on rabbit blood agar; some strains produce 
beta-hemolysis on rabbit blood agar. Glucose broth cultures 
are usually turbid with a smooth or stringy sediment and 
pH of 4.6-5.0 and growth is stimulated with the addition of 
hemin (1 pg/ml is the requirement for the type strain) or 
vitamin K, (0.1 ug/ml). The majority of strains grow at pH 
8.5 and 25°C; some grow at 45°C. 


NC 000913 Escherichia coli K12 


FIGURE 25. Neighbor-joining phylogenetic tree of 16S rRNA gene sequences of the type strains of Prevotella species deposited in GenBank to show 
the relationships of strains within the genus. Bootstrap values (expressed as percentages of 1000 replicates) are shown at the nodes. The numbers 
that precede each strain are the GenBank accession numbers, while those that follow the species names are the Culture Collection numbers. The 
type species of Bacteroides (Bacteroides fragilis, NCTC 9343) and Porphyromonas (Porphyromonas asaccharolytica, ATCC 25260), both former members of 
the same genus, and Escherichia coli (K12) are included for comparison. 


Cells ferment dextrin, fructose, glucose, glycogen, inulin, 
lactose, maltose, mannose, raffinose, starch, sucrose, but not 
amygdalin, arabinose, cellobiose, erythritol, inositol, man- 
nitol, melibiose, melezitose (variable), rhamnose, ribose, 
salcin, sorbitol, trehalose or xylan. Esculin (variable) and 
starch are hydrolyzed and gelatin is digested; nitrate is not 
reduced; catalase, indole and lecithinase are not produced. 

Succinate and acetate are the major fermentation end 
products from glucose broth culture (1% peptone, 1% yeast 
extract, vitamin K, and hemin); minor products include for- 
mate, isobutyrate and isovalerate. H, is not produced. Lac- 
tate and pyruvate are not utilized; threonine is not convert- 
ed to propionate. Cells have superoxide dismutase activity. 
The long-chain fatty acid composition is mainly anteiso- and 
iso-methyl branched acids with small amounts of straight- 
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chain acids; the major fatty acid is 12-methyltetradecanoic 
acid (C,, anteiso). The principal respiratory quinones are 
unsaturated menaquinones with 10 and 11 isoprene units. 
Source: isolated from human gingival crevices and from 
human clinical specimens. 
DNA G+C content (mol % ): 36-40 (T, Bd). 
Type strain: ATCC 25845, CCUG 4944 B, CIP 105346, DSM 
7089, JCM 6325, NCTC 12963, B282VPI 4196, VPI 15087. 
Sequence accession no. (16S rRNA gene): L16469. 


. Prevotella albensis Avguštin, Wallace and Flint 1997, 286." 


alben'sis. N.L. fem. adj. albensis referring to Alba, the 
ancient name for Scotland north of the Forth and Clyde, 
where the type strain was isolated. 


The species was distinguished from Prevotella ruminicola 
and reported to contain several genotypes. The description 
is based on those given by Bryant et al. (1958), Bryant and 
Robinson (1962), Pittman and Bryant (1964), Holdeman 
et al. (1984), Augustin et al. (1997) and on our own obser- 
vations.Cells are 0.8-1.0 x 1.0-8.0 um. They have tapered 
to rounded ends and are encapsulated. Cells contain in- 
clusion bodies after several days growth. It grows well in a 
carbohydrate medium producing slime and sediment, with 
a terminal pH of between 4.6 and 5.7. Most strains grow 
well in a defined medium containing glucose, CO,, min- 
eral salts, heme, B vitamins, volatile fatty acids (especially, 
acetate, 2-methylbutyric or isobutyric acid), methionine or 
cysteine and ammonia or peptides as a nitrogen source. 
Surface colonies on blood agar plates are 0.5-1 mm in di- 
ameter, circular with an entire edge, low convex, translu- 
cent to semi-opaque, white, shiny and smooth. 

Carbohydrate fermentation reactions are variable among 
isolates but most ferment glucose, xylose and salicin, but 
not melibiose, sucrose, mannose, N-acetylglucosamine, 
raffinose or inulin. Much emphasis has been placed on car- 
boxymethylcellulose activities among species isolated from 
the rumen; however, this species shows only weak activity. 

The major metabolic end products from glucose broths 
are acetic and succinic acids, with low to trace amounts 
of formic, propionic, isobutyric and isovaleric acids. The 
long-chain fatty acid composition is mainly anteiso- and 
iso-methyl branched acids with small amounts of straight- 
chain acids; the major fatty acid is 12-methyltetradecanoic 
acid (C,., anteiso) and pentadecanoic (C,.,). The principal 
respiratory quinones are menaquinones MK-11 and MK-12 
with low levels (~1-5%) of MK-8, MK-9 and MK-13. 

Source: the type strain was isolated from sheep rumen. 

DNA G«C content (mol % ): 39-43 (T). 

Type strain: M384, CIP 105472, DSM 11370, JCM 12258. 

Sequence accession no. (16S rRNA gene): AJ011685. 


. Prevotella baroniae Downes, Sutcliffe, Tanner and Wade 
2005, 1554V* 


bar'on.i.ae. N.L. gen. fem. n. baroniae of Baron, named in 
honor of Ellen Jo Baron, the American microbiologist, for 
her contributions to clinical microbiology. 


The description is from Downes et al. (2005). Most cells 
are coccobacillary, 0.6 x 0.6-2.0 um. Rod-shaped cells 3-8 
um long may be observed. Colonies on Fastidious Anaerobic 
Agar after 5 d growth are 1.2-3.8 mm in diameter, circular 
and high convex; colony morphology can vary from entire 


to undulate. They are opaque with a shiny gray periphery 
and an off-white center, which appears matt in some strains. 
Growth in peptone-yeast extract (PY) broth is good and is 
stimulated by the addition of 1% (w/v) fermentable carbo- 
hydrates. Optimum growth temperature is 37°C. 

Cells are saccharolytic and ferment cellobiose, fructose, 
glucose, lactose, maltose, mannose, melibiose, raffinose, 
salicin and sucrose. Acid is not produced from arabinose, 
mannitol, melezitose, rhamnose, ribose, sorbitol or treha- 
lose. Arginine and urea are not hydrolyzed, gelatin is weakly 
hydrolyzed and esculin is hydrolyzed. Catalase and indole 
are not produced and nitrate is not reduced. 

Acetic and succinic acids are the major end products of 
fermentation in PYG broth; minor products include isoval- 
eric acid, and minor amounts of isobutyric acid may be pro- 
duced in PY broth. The non-hydroxylated fatty acid profile 
consists predominantly of C,., iso, Ci; anteiso, C,, and 
Cz anteiso. 

Source: isolated from the human oral cavity in patients with 
endodontic and periodontal infections or dentoalveolar 
abscesses and from the dental plaque of healthy subjects. 

DNA G+C content (mol96): 52 (HPLC). 

Type strain: E9.33, CCUG 50418, DSM 16972, JCM 
13447. 

Sequence accession no. (16S rRNA gene): AY840553. 
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. Prevotella bergensis Downes, Sutcliffe, Hofstad and Wade 


2006, 611%" 


berg.en'sis. N.L. fem. adj. bergensis referring to Bergen, the 
Norwegian city where the first strains were isolated. 


The description is from Downes et al. (2006). Most cells 
are bacilli (0.7-0.8 x 0.8-6 um), but short rod/cocci are 
often seen. Colonies on Fastidious Anaerobic Agar after 
4 d growth are 0.6-0.8 mm in diameter, circular and entire, 
convex, opaque, and gray to off-white. Growth in broth me- 
dia produces moderate turbidity and is stimulated by the 
addition of fermentable carbohydrates. Cells are saccharo- 
lytic and ferment arabinose, cellobiose, fructose, glucose, 
lactose, maltose, mannose, rhamnose, salicin and xylose. 
Mannitol and trehalose are fermented variably. Melezitose, 
melibiose, raffinose, ribose, sorbitol and sucrose are not 
fermented. Arginine, gelatin and urea are not hydrolyzed. 
Esculin is hydrolyzed. Catalase and indole are not produced 
and nitrate is not reduced. 

Acetic and succinic acids are the major end products of 
fermentation in PYG broth; trace products include isovaler- 
ic acid. The non-hydroxylated fatty acid profile is predomi- 
nately C,,, iso, C; iso and C ,,, anteiso. The menaquinone 
composition is unknown. 

Source: isolated from infections of the skin and soft-tissue 
abscesses. 

DNA G+C content (mol96): 48 (HPLC). 

Type strain: 94067913, CCUG 51224, DSM 17361, JCM 
13869. 

Sequence accession no. (16S rRNA gene): AY350613 


. Prevotella bivia (Holdeman and Johnson 1977) Shah and 


Collins 1990, 206%” (Bacteroides bivius Holdeman and John- 
son 1977, 341%?) 

bi'vi.us L. fem. adj. bivia having two ways, pertaining to the 
saccharolytic and proteolytic activities of the species. 
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The description is taken from Holdeman et al. (1977), 
Hammann and Werner (1981) and our own observations. 
Cells are 0.7-1.0 x 1.3—4.6 um and occur in pairs or short 
chains. On blood agar, colonies are 0.5-2.0 mm, circular, 
entire to slightly erose, convex, translucent to semi-opaque, 
smooth and glistening. Some strains show orange to pink flu- 
orescence under longwave ultraviolet radiation (365 nm). 
Isolates typically ferment dextrin, glucose, lactose, maltose 
and mannose, but not amygdalin, cellobiose, inositol, inu- 
lin, mannitol, melezitose, melibiose, raffinose, rhamnose, 
ribose, salicin, sucrose, trehalose or xylose. Starch is hydro- 
lyzed but not esculin. 

Prevotella bivia produces acetate and succinate as major 
metabolic ends from a glucose broth. The cell wall contains 
meso-diaminopimelic acid. The long-chain fatty acid compo- 
sition is mainly anteiso- and iso-methyl branched acids with 
lower levels of straight-chain acids. The major fatty acid is 
12-methyltetradecanoic acid (C,., anteiso). The principal 
respiratory quinones are unsaturated menaquinones with 
10 and 11 isoprene units. 

Source: usually isolated from infections in the urogenital 
or abdominal region, but now generally considered as part 
of the normal flora of the vagina. 

DNA G+C content (mol96): 40 (T, ). 

Type strain. ATCC 29303, CCUG 9557, CIP 105105, DSM 
20514, JCM 6331, LMG 6452, NCTC 11156. 

Sequence accession no. (16S rRNA gene): L16475. 


. Prevotella brevis (Bryant, Small, Bouma and Chu 1958) 


Avguštin, Wallace and Flint 1997, 286%! (Bacteroides ruminico- 
la subsp. brevis Bryant, Small, Bouma and Chu 1958, 184") 


bre'vis. L. fem. adj. brevis short. 


The morphological and biochemical characteristics of 
this species are based on those of Bryant et al. (1958) and 
Holdeman et al. (1984) and on chemotaxonomic charac- 
ters reported by Shah and Collins (1980, 1983). The spe- 
cies was originally part of a heterogeneous collection of 
strains that were assigned to Bacteroides ruminicola as Bacte- 
roides ruminicola subspecies brevis (biovars 1 and 2). Even 
though DNA-DNA hybridization values (Shah et al., 1982) 
[see Holdeman et al. (1984) ] between the various subspe- 
cies of Bacteroides ruminicola indicated they were distinct spe- 
cies, their taxonomic status remained unchanged because 
of the lack of reliable phenotypic characters for delineat- 
ing each subspecies. They were reassigned to the genus 
Prevotella (Shah and Collins, 1990) and elevated to species 
rank (along with Prevotella ruminicola subsp. ruminicola and 
Prevotella ruminicola subsp. brevis (biovar 3) now Prevotella 
bryantii) by Avgu&tin et al. (1997). Clear phenotypic circum- 
scription of these closely related species are still lacking, but 
itis evident that they represent distinct lineages on the basis 
of 16S rRNA sequences. However, many of the ill-defined 
taxa remain incertae sedis. 

Cells are 0.8-1.0 x 1.0—5.0 um and are often coccoid to 
oval. Surface colonies on blood agar plates are 0.5-1 mm in 
diameter, circular with an entire edge, low convex, translu- 
cent to semi-opaque, white, shiny, and smooth. It grows well 
in a carbohydrate medium producing slime and sediment 
with a terminal pH of between 4.6 and 5.7. Most strains grow 
well in a defined medium containing glucose, CO,, mineral 


salts, heme, B vitamins, volatile fatty acids (especially, ac- 
etate, 2-methylbutyric or isobutyric acid), methionine or 
cysteine and ammonia or peptides as a nitrogen source. 

Carbohydrate fermentation reactions differ among iso- 
lates. Most isolates ferment arabinose, cellobiose, dextrin, 
fructose, glucose, inulin, lactose, maltose, mannose, me- 
libiose, raffinose and sucrose, but not inositol, mannitol, 
rhamnose, ribose, trehalose or xylose. Strains do not exhib- 
it carboxymethylcellulose activity. The major metabolic end 
products from glucose broths are acetic and succinic acids, 
with low to trace amounts of propionic, iso-butyric, formic 
and isovaleric acids. 

The long-chain fatty acid composition is mainly an- 
teiso- and iso-methyl branched acids with small amounts 
of straight-chain acids; the major fatty acid is 12-methyltet- 
radecanoic acid (C,., anteiso) and pentadecanoic (C,,.,). 
The principal respiratory quinones are menaquinones 
ME-13 and MK-12 with low levels (~1-5%) of MK-11, MK-10 
and MK-9. 

Source: the type strain was isolated from bovine rumen. 

DNA G+C content (mol % ): 45-52 (T). 

Type strain: GA33, ATCC 19188, CIP 105473). 

Sequence accession no. (16S rRNA gene): AJ011682. 


. Prevotella bryantii Avguštin, Wallace and Flint 1997, 287%” 


bry.an'ti.i. N.L. gen. masc. n. bryantii of Bryant, named after 
Marvin Bryant, an American microbiologist. 


The morphological and biochemical characteristics of 
this species are based on that of Bryant et al. (1958) and 
Holdeman et al. (1984), and on chemotaxonomic charac- 
ters reported by Shah and Collins (1980, 1983). The spe- 
cies was formerly Bacteroides ruminicola subspecies brevis 
(biovar 3) (see above, Prevotella brevis) that was reassigned to 
the genus Prevotella (Shah and Collins, 1990) and elevated to 
species rank as Prevotella bryantii by Avgustin et al. (1997). 

Cells are 0.8-1.0 x 1.0-5.0 um and are often coccoid to 
oval. Surface colonies on blood agar plates are 0.5-1 mm in 
diameter, circular with an entire edge, low convex, translu- 
cent to semi-opaque, white, shiny, and smooth. It grows well 
in a carbohydrate medium producing slime and sediment, 
with a terminal pH of between 4.6 and 5.7. Most strains grow 
well in a defined medium containing glucose, CO,, min- 
eral salts, heme, B vitamins, volatile fatty acids (especially, 
acetate, 2-methylbutyric or isobutyric acid), methionine or 
cysteine and ammonia or peptides as a nitrogen source. 
Carbohydrate fermentation reactions differ among isolates. 
Most isolates ferment arabinose, dextrin, fructose, glu- 
cose, inulin, lactose, maltose, mannose, melibiose, raffinose, 
sucrose, xylose and xylan, but not Nacetylglucosamine, inosi- 
tol, mannitol, rhamnose, ribose or trehalose. Strains exhibit 
carboxymethylcellulose activity. 

The major metabolic end products from glucose broths 
are acetic and succinic acids with low to trace amounts 
of formic, propionic, isobutyric and isovaleric acids. The 
long-chain fatty acid composition is mainly anteiso- and 
iso-methyl branched acids with small amounts of straight- 
chain acids; the major fatty acid is 12-methyltetradecanoic 
acid (C; anteiso) and pentadecanoic (C). The principal 
respiratory quinones are menaquinones MK-13 and MK-12 
with low levels (~1-5%) of MK-11, MK-10 and MK-9. 
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Source: isolated from the reticulo-rumen of cattle, sheep 
and elk; it is the predominant species of the rumen of 
most ruminants. Phenotypically similar strains have been 
reported from man, but these have been assigned to either 
Prevotella oris or Prevotella buccae. 

DNA G+C content (mol % ): 40-43 (T). 

Type strain: B14, CIP 105474, DSM 11371. 

Sequence accession no. (16S rRNA gene): AJ006457. 


. Prevotella buccae (Holdeman, Moore, Churn and John- 
son 1982) Shah and Collins 1990, 207°" (Bacteroides buccae 
Holdeman, Moore, Churn and Johnson 1982, 128%"; Bacte- 
roides capillus Kornman and Holt, 1982, 266 Bacteroides pen- 
tosaceus Shah and Collins 1982, 266) 


buc'cae. L. gen. n. buccae of the mouth, referring to a major 
natural habitat of the species. 


The species was reported by Holdeman et al. (1982) as 
Bacteroides buccae because of its site of isolation. It was named 
Bacteroides capillus by Kornman and Holt (1981) because of 
its pronounced capsule, and it was also named Bacteroides 
pentosaceus by Shah and Collins (1981) because of its char- 
acteristic capacity to ferment pentoses. However, the names 
Bacteroides capillus and Bacteroides pentosaceus are regarded as 
later heterotypic synonyms of Bacteroides buccae (Johnson and 
Holdeman, 1985). The species was later reclassified as Pre- 
votella buccae by Shah and Collins (1990). It was delineated 
from among the Bacteroides oralis-Bacteroides ruminicola com- 
plex using long-chain cellular fatty acid and menaquinone 
profiles (Shah and Collins, 1980), DNA-DNA hybridization 
(Shah et al., 1982) and multilocus enzyme electrophoresis 
(Shah and Williams, 1982). The description is based on 
these papers and Johnson and Holdeman (1985). 

Cells occur in pairs or short chains, are rod-shaped and 
are 0.5—0.6 x 0.8-6.5 um in PYG or BM broth cultures. Cells 
on brain heart infusion agar (BHIA) roll tubes (Holdeman 
et al., 1980) produce subsurface colonies 1-2 mm in diam- 
eter, lenticular and translucent. Colonies grown on blood 
agar plates are 0.5-3 mm in diameter, circular with an 
entire edge, low convex, translucent to semi-opaque, white 
or buff, shiny, smooth and nonhemolytic on rabbit blood. 
There is no action on rabbit blood or egg yolk agar (Holde- 
man et al., 1977). Most cells do not grow in PYG contain- 
ing 10% bile; cells that do grow are markedly inhibited and 
delayed. Growth is stimulated by heme and for some strains 
this is an absolute requirement for cytochrome biosynthe- 
sis. Pre-reduced broth cultures after incubation at 37°C for 
24 h are uniformly turbid with a smooth sediment; the ter- 
minal pH after 3-5 d is 4.5-5.0 in broths with carbohydrates 
or 5.1-5.6 in the absence of sugars. 

Cells typically ferment the pentose sugars arabinose and 
xylose, in addition to cellobiose, dextrin, fructose, glucose, 
glycogen, lactose, maltose, mannose, melibiose, raffinose, 
salicin, starch and sucrose. Acid is not produced from 
melezitose, trehalose, inositol or mannitol. Nitrate is not 
reduced; indole and catalase are not produced. Gelatin is 
digested by most strains. 

Succinic and acetic acids are the major fermentation end 
products from glucose broth, with minor amounts of for- 
mic, isobutyric and isovaleric acids; no H, is produced. The 
long-chain fatty acid composition is mainly anteiso- and 
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iso-methyl branched acids, with lower levels of straight-chain 
acids. The major fatty acid is 12-methyltetradecanoic acid 
Ci; anteiso). The principal respiratory quinones are unsatu- 
rated menaquinones with 13, 12 and 11 isoprene units. 

Source: type strain was isolated from gingival crevice with 
moderate periodontitis. The normal habitat appears to be 
the oral cavity. 

DNA G+C content (mol96): 52 (T, Bd). 

Type strain: ATCC 33574, CCUG 15401, CIP 105106, JCM 
12245, VPI D3A-6. 


Sequence accession no. (16S rRNA gene): L16477. 


. Prevotella buccalis (Shah and Collins 1982) Shah and Col- 


lins 1990, 207" (Bacteroides buccalis Shah and Collins 1982, 
266") 

buc.ca'lis. L. n. bucca the mouth; L. fem. suff. -alis suffix 
denoting pertaining to; N.L. fem. adj. buccalis buccal, per- 
taining to the mouth. 


The description is from Shah et al. (1981) and was 
distinguished from the Bacteroides oralis-Bacteroides rumini- 
cola complex by using long-chain cellular fatty acid and 
menaquinone profiles (Shah and Collins, 1980, 1983), 
DNA-DNA hybridization (Shah et al., 1982) and multilocus 
enzyme electrophoresis (Shah and Williams, 1982). 

Cells are short rods on agar; cells grown in broth cul- 
ture are elongated (0.5-0.8 x 0.9-6.0 um) and pleomor- 
phic. Colonies grown on agar after 3 d are 0.2-0.5 mm in 
diameter, circular and entire, convex, shiny, smooth and 
translucent cream to light gray; they are non-hemolytic on 
horse blood agar. The organisms ferment cellobiose, fruc- 
tose, glucose, lactose, maltose, mannose, raffinose, salicin 
and sucrose, but not arabinose, glycerol, mannitol, melezi- 
tose, rhamnose, sorbitol, trehalose or xylose. Starch is not 
hydrolyzed; indole is not produced; gelatin is not digested; 
esculin is hydrolyzed. 

Acetic and succinic acids are the major metabolic end 
products in glucose broth, with minor amounts of lactic 
acid; terminal pH is 5.5. The long-chain fatty acid composi- 
tion is mainly anteiso- and iso-methyl branched acids with 
small amounts of straight-chain acids; the major fatty acid 
is 12-methyltetradecanoic acid (C... anteiso). The principal 
respiratory quinones are unsaturated menaquinones with 
11, 12 and 13 isoprene units. 

Source: isolated initially from human dental plaque, but 
has since been reported from other sites. 

DNA G+C content (mol % ): 45-46 (T. , Bd). 

Type strain: ATCC 35310, CCUG 15557, DSM 20616, JCM 
12246, NCDO 2354, NCTC 13064. 

Sequence accession no. (16S rRNA gene): L16476. 


Prevotella copri Hayashi, Shibata, Sakamoto, Tomita and 
Benno 2007, 943°? 


cop'ri. N.L. gen. n. copri from Gr. gen. n. kopron of /from 
feces. 


The description is from Hayashi et al. (2007). Unlike 
most Prevotella species, which are of oral origin, these iso- 
lates are from human feces, but unusually, growth is inhib- 
ited on Bacteroides bile esculin agar. 

The cell dimensions have not been reported. Colonies 
on Eggerth-Gagnon blood agar after 48 h incubation 
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at 37°C under 100% CO, are white, circular and convex. 
Optimum temperature for growth is 37°C. Esculin is hydro- 
lyzed. Indole is not produced. No activity is detected for 
urease. Gelatin is not hydrolyzed. Acid is produced from 
glucose, lactose, sucrose, maltose, raffinose, salicin, xylose, 
arabinose, cellobiose and rhamnose. Positive reactions are 
obtained with the API ZYM system for alkaline phosphatase, 
acid phosphatase, naphthol-AS-BI-phosphohydrolase, o- 
galactosidase, f-galactosidase, a-glucosidase and f-glu- 
cosidase; negative reactions are obtained for lipase (C4), 
leucine arylamidase, valine arylamidase, cystine arylamidase, 
trypsin, B-gluconidase, N-acetyl-B-p-glucosaminidase, o- 
mannosidase and ca-fucosidase. Positive reactions are 
obtained with the An-Ident system for a glucosidase, a- 
arabinofuranosidase, f-gluconidase, alkaline phosphatase, 
a-galactosidase, indoxylacetate hydrolase and arginine and 
alanine aminopeptidases; negative reactions are obtained 
for Macetyl-B-p-glucosaminidase, o-r-fucosidase, B-galacto- 
sidase and pyroglutamic acid arylamidase, and for leucine, 
proline, tyrosine, arginine, histidine, phenylalanine and 
glycine aminopeptidases. Catalase is negative. 

The major metabolic end products are succinic and ace- 
tic acids. The predominant long-chain fatty acids are Cpp 
C sı @9c and C; anteiso. The principal respiratory quino- 
nes are menaquinones are MK-12 and MK-11 with lower 
levels of MK-8 to -10 and MK-13 (<20%). 

Source: The source is human feces. The habitat is the 
intestinal tract. 

DNA G+C content (mol96): 44—45 (HPLC). 

Type strain: CB7, JCM 13464, DSM 18205. 

Sequence accession no. (16S rRNA gene): AB064923. 


Prevotella corporis (Johnson and Holdeman 1983) Shah 
and Collins 1990, 207" (Bacteroides corporis Johnson and 
Holdeman 1983, 19V") 


cor'po.ris. L. gen. n. corporis of the body; pertaining to the 
isolation of this organism from human clinical specimens. 


The description is from Johnson and Holdeman (1983) 
and our own observations. Cells occur singly, in pairs and in 
short chains and are 0.9-1.6 x 1.6-4.0 um long in PYG broth 
cultures. Growth and fermentation are stimulated by addi- 
tion of 10% (v/v) serum; hemin and vitamin K are required 
for growth. Cells mainly appear coccoid, but occasionally 
cells up to 11 um long can be observed. At 48-72 h colonies 
on anaerobic blood agar are minute to 1 mm in diameter, 
circular and entre, convex and buff with brown edges; dark 
brown colonies develop after 4-7 d incubation. Glucose 
broth cultures are turbid with smooth or ropey sediment 
that tends to adhere to the bottom of the tube; the terminal 
pH value is 4.8-5.1. 

Cells ferment dextrin and glucose; the majority of 
strains ferment fructose (except the type strain), glycogen, 
maltose, mannose and starch. Cells do not ferment amygd- 
alin, arabinose, cellobiose, erythritol, esculin, inositol, 
lactose, mannitol, melezitose, melibiose, rhamnose, ribose, 
salicin, sorbitol or xylose. Indole and catalase are not pro- 
duced. Starch is hydrolyzed. Nitrate is not reduced. Gelatin 
is digested. 

Succinic and acetic acids are the major fermentation 
end products from PYG broth cultures with vitamin K and 
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hemin; minor acids produced may include isobutyric and 
isovaleric acids; no H, is produced. Neither lactate nor 
pyruvate is used; threonine is not converted to propionate. 
The long-chain fatty acid composition is mainly anteiso- and 
iso-methyl branched acids with small amounts of straight- 
chain acids; the major fatty acid is 12-methyltetradecanoic 
acid (C,., anteiso). The principal respiratory quinones are 
unsaturated menaquinones with 11 and 12 isoprene units. 

Source: the type strain was isolated from a cervical swab. 

DNA G+C content (mol % ): 43-46 (T. ). 

Type strain: Lambe 532-70A, ATCC 33547, CIP 105107, 
JOM 8529, NCTC 13065, VPI 9342. 

Sequence accession no. (16S rRNA gene): L16465. 


Prevotella dentalis (Haapasalo, Ranta, Shah, Ranta, Lounat- 
maa and Kroppenstedt 1986a) Willems and Collins 1995, 
834V' (Mitsuokella dentalis Haapasalo, Ranta, Shah, Ranta, 
Lounatmaa and Kroppenstedt 1986a, 566%") 


den.ta'lis. L. n. dens dentis a tooth; L. fem. suff. -alis suffix 
denoting pertaining to; L. fem. adj. dentalis pertaining to 
the teeth. 


The species was originally placed in the genus Mitsuokella 
because of its high mol% G+C content (~ 56-60) (Haa- 
pasalo et al., 19862), which is characteristic of the genus 
Mitsuokella. However, by other criteria, this taxon differed 
so significantly from Mitsuokella that it was reclassified as 
Prevotella dentalis by Willems et al. (Willems and Collins, 
1995). This species may be synonymous with Hallella seregens 
(Moore and Moore, 1994). 

The description is from Haapasalo et al. (1986a, b) and 
subsequent observations in our laboratory. Cells occur sin- 
gly and are blunt-ended oval rods 0.7 x 1-2 um. Peritric- 
hous fimbriae and a thick capsule-like structure are present. 
Poor growth occurs in liquid media, growth is enhanced 
on blood agar media supplemented with hemolyzed blood. 
No growth occurs on kanamycin-vancomycin laked blood 
agar. Colonies grown on enriched horse blood agar after 3 
d are 1-2 mm in diameter, convex, irregular, translucent, 
wet and mucoid, with a characteristic water drop appear- 
ance. Alpha-hemolysis usually occurs on horse and sheep 
blood agar after 7 d. Using pre-reduced anaerobically steril- 
ized PY broth as a base, cells ferment arabinose, cellobio- 
se, fructose, galactose, glucose, lactose, maltose, mannose 
and raffinose; melibiose and sucrose are weakly fermented 
(pH 5.5-5.7). Cells do not ferment erythritol, mannitol, 
melezitose, rhamnose, salicin or xylose; Starch and gelatin 
are not hydrolyzed. Esculin is not hydrolyzed except when 
a chromogenic substrate for the detection of a constitutive 
enzyme is used with cells grown on agar plates. 

The major metabolic end products are succinate and 
acetate. Hydroxylated and nonhydroxylated long-chain 
fatty acid methyl esters are present in whole-cell methanol 
lysates. The major fatty acids are 3-hydroxyhexadecanoic 
acid (C ṣo 3-OH), hexadecanoic acid (C,,,) and 12-methyl 
tridecanoic acid (C, ,, iso). 

Source: isolated from human dental root canals. 
DNA G+C content (mol96): 56-60 (T. , Bd). 

Type strain: ES2772, ATCC 49559, CCUG 48288, DSM 
3688, JCM 13448, NCTC 12043. 

Sequence accession no. (16S rRNA gene): X81876. 
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Prevotella denticola (Shah and Collins 1982) Shah and Col- 
lins 1990, 207” emend. Wu, Johnson and Moore 1992, 536%? 
(Bacteroides denticola Shah and Collins 1982, 266‘? emend. 
Holdeman and Johnson 1982, 404) 


den.ti'co.la. L. n. dens, dentis tooth; L. suff. -cola (from L. n. 
incola) inhabitant, dweller; N.L. n. denticola tooth dweller. 


The description is from Shah and Collins (1981) and 
Holdeman etal. (1984). The species was distinguished from 
the Bacteroides oralis-Bacteroides ruminicola complex by using 
long-chain cellular fatty acid and menaquinone profiles 
(Shah and Collins, 1980, 1983), DNA-DNA hybridization 
(Shah and Collins, 1982) and multilocus enzyme electro- 
phoresis (Shah and Williams, 1982). 

Cells are rods and occur in pairs and short chains 0.5- 
0.7 x 0.7-6.0 um in glucose broth cultures. Colonies grown 
on blood agar are 1-2 mm in diameter, circular and entire, 
low convex, semi-opaque, shiny, smooth and often appear 
to have white or buff concentric rings. Colonies grown 
on rabbit blood agar develop pigment more quickly and 
are darker. Most cells grown on hemolyzed rabbit blood 
agar after 7 d produce dark brown or black colonies; oc- 
casional strains do not develop colonies with a definite 
pigment. Most colonies show red fluorescence under long 
wavelength ultraviolet radiation (365 nm). Glucose broth 
cultures are turbid, have smooth sediment and have a pH 
of 4.5-4.9. Growth is stimulated by the addition of hemin; 
vitamin K, is not often required. There is no growth in PYG 
broth with 20% bile. 

Cells ferment dextrin, fructose, glucose, glycogen, inulin, 
lactose, maltose, mannose, raffinose, sucrose and starch. 
Cells do not ferment amygdalin, arabinose, cellobiose, eryth- 
ritol, gum arabic, inositol, larch arabinogalactan, mannitol, 
melibiose, melezitose, rhamnose, salicin, sorbitol, trehalose, 
xylan or xylose. Esculin and starch are hydrolyzed. Gelatin 
digestion is variable. Nitrate is not reduced. Catalase, indole 
and lecithinase are not produced. 

Succinate and acetate are the major fermentation end 
products from glucose broth cultures (1% glucose and 
peptone, 0.5% yeast extract, vitamin K, and hemin); minor 
production of lactate, isobutyrate and isovalerate may be 
detected; no H, is produced. The long-chain fatty acid com- 
position is mainly anteiso- and iso-methyl branched acids 
with lower levels of straight-chain acids. The major fatty acid 
is 12-methyltetradecanoic acid (C... anteiso). The principal 
respiratory quinones are unsaturated menaquinones with 
11 and 12 isoprene units. 

Source: the normal habitat is the oral cavity but the organ- 
isms may be recovered from human clinical specimens. 

DNA G+C content (mol % ): 49-51 (T. , Bd). 

Type strain: Socransky 1210, Shah and Collins 1210, ATCC 
35308, CCUG 29542, CIP 104478, DSM 20614, JCM 13449, 
NCDO 2352, NCTC 13067. 

Sequence accession no. (16S rRNA gene): L16467. 


Prevotella disiens (Holdeman and Johnson 1977) Shah and 
Collins 1990, 207%” (Bacteroides disiens Holdeman and John- 
son 1977, 337°") 

di'si.ens. N.L. part. adj. disiens (sic) going in two different 
directions; intended to refer to the fact that the organism is 
both saccharolytic and proteolytic. 
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The description is from Holdeman and Johnson (1977) 
and our own observations. Cells are non-pigmented rods 
and occur predominantly in pairs or occasionally short 
chains with longer rods; the longer rods occur both singly 
and in chains with the short rods. Cells are 0.6-0.9 x 2.0-8.2 
um. Colonies grown on Brucella-laked blood agar plates 
after 2 d are minute to 2 mm in diameter, circular and 
entire, convex, translucent to opaque, smooth, shiny and 
white. There is no hemolysis on blood agar plates; slight 
greening maybe observed in areas of confluent growth. 
No brown or black pigmentation is observed on BHI-laked 
blood agar; some strains show light orange to pink fluores- 
cence on blood agar plates. Cultures in pre-reduced PYG 
broth are moderately turbid; slight smooth sediment may 
be observed. Growth is enhanced in broth with fermentable 
carbohydrate and is turbid and smooth, with a granular or 
flocculent sediment; growth occurs well in BM broth. Opti- 
mal growth occurs at 37°C, but growth can occur at 25 and 
45°C. The terminal pH after 1 d is 4.9-5.2 with fermentable 
carbohydrates and 5.9-6.1 without fermentable carbohy- 
drates. Growth is inhibited in 6.5% NaCl broth. 

Strains ferment dextrin, fructose, glucose, glycogen, 
maltose and starch, but not amygdalin, arabinose, cellobio- 
se, erythritol, esculin, galactose, inositol, lactose, mannitol, 
mannose, melezitose, melibiose, raffinose, rhamnose, sali- 
cin, sorbitol, sucrose, trehalose or xylose. Gelatin and starch 
are hydrolysed. Nitrate is not reduced. Indole and catalase 
are not produced. Esculin is not hydrolysed. 

Succinic and acetic acids are the major fermentation 
end products in PYG broth, with minor levels of isovaleric, 
isobutyric, formic, propionic and lactic acids. The long- 
chain fatty acid composition is mainly anteiso- and iso- 
methyl branched acids with lower levels of straight-chain 
acids. The major fatty acid is 12-methyltetradecanoic acid 
(Ciso anteiso). The principal respiratory quinones are un- 
saturated menaquinones with 10 and 11 isoprene units. 

Source: recovered from a wide range of human clinical 
specimens. 

DNA G+C content (mol % ): 40-42 (T). 

Type strain: ATCC 29426, CCUG 9558, CIP 105108, DSM 
20516, JCM 6334, LMG 6453, NCTC 11157, VPI 8057. 

Sequence accession no. (16S rRNA gene): L16483. 


Prevotella enoeca Moore, Johnson and Moore 1994, 601%” 


e.noe'ca. Gr. n. enoikos inhabitant, dweller in a place; N.L. 
fem. adj. enoeca inhabiting, because the organism is an 
inhabitant of the gingival crevice. 

The description is from Moore et al. (1994). Cells occur 
in pairs and short chains and are 0.5 x 2.2—4.5 um; filaments 
up to 8 um long are observed. Colonies grown on rabbit 
blood agar for 2 d are 1-2 mm in diameter, circular and en- 
tire, convex, transparent to translucent and not hemolytic 
or pigmented. Broth cultures are turbid with a smooth sedi- 
ment. Terminal pH values of glucose broth cultures incu- 
bated for 5 d are 4.8-5.4. Cells ferment fructose, glycogen, 
lactose, maltose and mannose, but not cellobiose, raffinose, 
salicin, sucrose, trehalose or xylose. Esculin in not hydro- 
lyzed by the majority of strains. Gelatin may be liquefied. 

Succinic and acetic acids are the major end products of 
fermentation; trace products include formic acid. No H, is 
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produced. The major cellular fatty acids are C,., anteiso, 
Ciso Ciso OH and C,,, iso with low levels of C,,,, iso 3-OH 
and C,,, dimethyl acetyl, C,,,, C,,, iso and C, iso. 


Source: isolated from the gingival crevices of humans with 
healthy gingiva or with periodontitis. 

DNA G+C content (mol % ): 47 (T). 

Type strain: ATCC 51261, CIP 104472, JOM 12259, NCTC 
13068, VPI D194A-25A. 

Sequence accession no. (16S rRNA gene): AJ005635. 


Prevotella heparinolyticus (Okuda, Kato, Shiozu, Takazoe 
and Nakamura 1985) Shah and Collins 1990, 207" (Bacte- 
roides heparinolyticus Okuda, Kato, Shiozu, Takazoe and Na- 
kamura 1985, 439%") 


he.pa'ri.no.ly.ti.cus. N.L. n. heparinum (from Gr. n. hépar 
liver) heparin; N.L. adj. lyticus -a -um (from Gr. adj. lutikos 
-é -on) able to loosen, able to dissolve; N.L. fem. adj. hepa- 
rinolytica heparin dissolving. 

The description is from Okuda et al. (1985). Colonies 
grown on blood agar plates are 0.5-0.7 x 0.8-2.0 um; 
occasional cells are up to 10 um long or longer in broth. 
The cytoplasmic and outer membranes exhibit a trilamellar 
structure; the outer wall is separated from the outer mem- 
brane by an electron-lucent layer; a distinctive capsular 
structure surrounding the cell is detected by phase-contrast 
microscopy and India ink negative staining. Colonies on 
blood agar after 4 d are circular, entire, convex, translucent, 
smooth and gray. No dark brown or black colonies are pro- 
duced on hemolyzed rabbit blood agar; sheep blood is not 
hemolyzed. Broth cultures are turbid and have a dense sedi- 
ment; harvested cells are markedly viscous. The terminal 
pH after 5 d in 1% glucose broth is 5.4—5.6. Strains ferment 
cellobiose, esculin, fructose, glucose, lactose, maltose, man- 
nose, sucrose, salicin, starch and xylose, but not raffinose, 
mannitol or sorbitol. Nitrate is not reduced. Indole, H,S, 
catalase and gelatinase are not produced. Starch and escu- 
lin are hydrolyzed. The reliable property that distinguishes 
this taxon from other non-pigmented Prevotella species is 
its heparin-degrading activity. In addition to heparinase, 
alkaline phosphatase, esterase, lipase, phosphatase, trypsin, 
chemotrypsin, glucosidases and galactosidases are pro- 
duced. 

Succinic acid is the major end product of fermentation 
in PYG broth; low levels of acetic, propionic and isovaleric 
acids are also produced. 

Source: isolated from human periodontal lesions. 

DNA G+C content (mol % ): 47-49 (Bd). 

Type strain: HEP, ATCC 35895, CCUG 27827, LMG 
10142. 

Sequence accession no. (16S rRNA gene): L16487. 


Prevotella intermedia (Holdeman and Moore 1970) Shah 
and Collins 1990, 207Y* [Bacteroides intermedius (Holdeman 
and Moore 1970) Johnson and Holdeman 1983, 18V*; Bacte- 
roides melaninogenicus subspecies intermedius Holdeman and 
Moore 1970, 33] 


in.ter.me'di.us. L. fem. adj. intermedia intermediate. 


The description is from Johnson and Holdeman (1983), 
Miyagawa et al. (1978, 1979, 1981), Miyagawa and Suto 
(1980), Shah et al. (1976, 1979), Shah and Collins (1980, 
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1983, 1990) and Shah and Williams (1982). Cells are 0.4-0.7 
x 1.5-2.0 um; occasional cells are up to 12 um long. Colo- 
nies on rabbit blood agar after 2 d are 0.5-2.0 mm in diam- 
eter, circular and entire, low convex, translucent, smooth 
and beta-hemolytic; older or larger colonies may be opaque; 
colonies are tan, gray, reddish brown or black. Cells grown 
on hemolyzed blood agar develop pigment more rapidly 
(71-2 d) and are darker. Glucose broth cultures are tur- 
bid with a smooth (occasionally ropey or slightly mucoid) 
sediment with a final pH of 4.9-5.4. Hemin is required for 
growth, while vitamin K, is highly stimulatory or required 
for fermentation. Growth is inhibited by 6.5% NaCl. Strains 
grow well between 25 and 45*C. Acid is produced by the 
majority of strains from fructose, glycogen, inulin, maltose, 
mannose, raffinose, starch and sucrose, but not from cel- 
lobiose, esculin, gum arabic, lactose, ribose, trehalose or 
xylan. Indole is produced, Starch is hydrolyzed. No H, is 
produced. Neither lactate nor pyruvate is used. Threonine 
is not converted to propionate. 

Succinic and acetic acids are the major end products 
of fermentation in cultures grown in PYG broth with vita- 
min K, and hemin; minor products include isobutyric and 
isovaleric acids. No heptose or 2-keto-3-deoxyoctulosonic 
acid has been detected. The long-chain fatty acid composi- 
tion is mainly anteiso- and iso-methyl branched acids with 
small amounts of straight-chain acids; the major fatty acid is 
12-methyltetradecanoic acid (C,., anteiso). The principal 
respiratory quinones are unsaturated menaquinones with 
11 isoprene units with lower levels of MK-10 and MK-12. 

Source: isolated initially from human dental plaque but 
has since been reported from head, neck and pleural infec- 
tions, from blood, and from abdominal and pelvic sites. 

DNA G+C content (mol % ): 41-44 (T, , Bd). 

Type strain: ATCC 25611, NCTC 13070, Finegold B422, 
CCUG 24041, CIP 101222, CIP 103682, DSM 20706, JCM 
12248, JCM 11150, VPI 4197. 

Sequence accession no. (16S rRNA gene): L16468. 


Prevotella loescheii (Holdeman and Johnson 1982) Shah 
and Collins 1990, 207V* (Bacteroides loescheii Holdeman and 
Johnson 1982, 406") 


loesche'i.i. N.L. gen. masc. n. loescheii of Loesche, named 
after Walter J. Loesche, an American oral microbiologist. 


The description is from Holdeman and Johnson (1982) 
Miyagawa et al. (1978, 1979, 1981), Miyagawa and Suto (Mi- 
yagawa and Suto, 1980), Shah et al. (1979, 1976), Shah and 
Collins, (1990, 1980, 1983) and Shah and Williams (1982). 
Cells are rods 0.4—0.6 x 0.8-15.0 um and occur singly, in 
pairs and in short chains in glucose broth cultures. Colo- 
nies grown on anaerobic blood agar are 1-2 mm in diam- 
eter, circular and entire, low convex, translucent, shiny and 
smooth. Colonies grown on whole blood agar after 48 h are 
white or buff; up to 14 d, colonies will usually become light 
brown. Colonies grown on hemolyzed rabbit blood agar up 
to 21 d develop pigment more rapidly, although definite 
black or brown colonies will not develop with some strains; 
most strains will produce a slight beta-hemolysis on rabbit 
blood agar. Among the pigmented species, colonies of Pre- 
votella loescheii strains exhibit the most pronounced fluores- 
cence under ultraviolet radiation (365 nm), due to over- 
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production of protoporphyrin (Shah et al., 1979). Glucose 
broth cultures are turbid and have a smooth sediment and 
a pH of 4.9-5.4. Growth is stimulated by the addition of 
hemin and 10% serum. Cells ferment cellobiose, dextrin, 
fructose, glucose, glycogen, inulin (majority), lactose, 
maltose, mannose, raffinose, sucrose and starch, but not 
amygdalin, arabinose, erythritol, inositol, mannitol, melezi- 
tose, rhamnose, ribose, salicin, sorbitol, trehalose or xylose. 
Esculin and starch are hydrolyzed and gelatin is digested. 
Nitrate is not reduced. Catalase, indole and lecithinase are 
not produced. 

Succinate and acetate are the major fermentation end 
products from glucose broth culture (1% peptone, 1% 
yeast extract, vitamin K, and hemin); trace amounts of 
lactate and formate may be detected; no H, is produced. 
No heptose or 2-keto-3-deoxyoctulosonic acid has been 
reported. The long-chain fatty acid composition is mainly 
anteiso- and iso-methyl branched acids with small amounts 
of straight-chain acids; the major fatty acid is 12-methyltet- 
radecanoic acid (C, anteiso). The principal respiratory 
quinones are unsaturated menaquinones with 11 isoprene 
units with lower levels of MK-10 and ME-12. 

Source: the normal habitat appears to be the oral cavity, 
but isolates have been reported from clinical specimens. 

DNA G+C content (mol % ): 46-48 (T). 

Type strain: Loesche 8B, ATCC 15930, NCTC 11321, 
CCUG 5914, JCM 8530, JCM 12249,VPI 9085. 

Sequence accession no. (16S rRNA gene): L16481. 


Prevotella marshii Downes, Sutcliffe, Tanner and Wade 
2005, 1554% 


mar'shii. N.L. gen. masc. n. marshii of Marsh, named in 
honor of British microbiologist Philip Marsh, for his contri- 
butions to oral microbiology. 


The description is from Downes et al. (2005). Cells are 
short rods (~0.4 x 0.9-3 um), but occasionally elongated 
cells are seen that are up to 6 um long, occurring singly 
or in pairs. Colonies on Fastidious Anaerobic Agar after 
5 d are 1.8-3.5 mm in diameter, circular and entire, con- 
vex, watery, opaque and gray to off-white/gray to greenish 
gray; heavier growth appears to be cream in color. Under 
plate microscopy, colonies have a striated appearance with 
concentric rings of varying opacity and iridescent hues of 
pink, green and yellow. Broth media cultures are moder- 
ately turbid; growth is stimulated by the addition of glucose, 
fructose or maltose. Cells are moderately saccharolytic and 
ferment glucose and maltose strongly, fructose and man- 
nose are fermented variably and weakly; arabinose, cello- 
biose, lactose, mannitol, melezitose, melibiose, raffinose, 
rhamnose, ribose, salicin, sorbitol, sucrose and trehalose 
are not fermented. Esculin, arginine and urea are not hy- 
drolyzed; gelatin is hydrolyzed. Catalase and indole are not 
produced. Nitrate is not reduced. 

Acetic and succinic acids are the major end products 
of metabolism in PYG broth; propionic acid is moderately 
produced. The long-chain fatty acid profile predominantly 
comprises C, anteiso, C; iso, Ciz and C ,, iso. 

Source: isolated from the human oral cavity in subjects 
with endodontic and periodontal infections and from sub- 
gingival dental plaque in healthy subjects. 
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DNA G+C content (mol96): 51 (HPLC). 

Type strain: E9.34, CCUG 50419, DSM 16973, JCM 
13450. 

Sequence accession no. (168 rRNA gene): AF481227. 


Prevotella multiformis Sakamoto, Huang, Umeda, Ishikawa 
and Benno 2005a, 818V* 


mul.ti.for'mis. L. fem. adj. multiformis many-shaped, multi- 
form. 


The description is from Sakamoto et al. (2005a). Cells 
are short rods (-0.5—0.8 x 1.6-6.6 um) or cocci (coccoba- 
cilli) (0.8 x 0.9-1.0 um) and occur singly. Colonies on Egg- 
erth-Gagnon blood agar after 2 d are 1-2 mm in diameter, 
circular and entire, slightly convex, gray to light brown and 
smooth. Cells forming small colonies are cocci and rods, 
whereas large colonies consist only of cocci. There is no 
growth in 20% bile. Acid is produced from cellobiose, glu- 
cose, glycerol, lactose, maltose, mannose, raffinose and su- 
crose, but not arabinose, mannitol, melezitose, rhamnose, 
salicin, sorbitol, trehalose or xylose. Esculin is not hydro- 
lyzed. Gelatin is digested. Catalase, indole and urease are 
not produced. 

Acetic and succinic acids are the major end products of 
fermentation from glucose broth (composed of peptone, 
196; yeast extract, 1%; and glucose, 1%); minor products in- 
clude isovaleric acid. Both non-hydroxylated and 3-hydrox- 
ylated long-chain fatty acids are present. The major cellular 
fatty acids are C., anteiso, C... iso, C,,, iso 3-OH and C,,, 
9c. The principal respiratory quinones are menaquinones 
MK-11 and MK-12 with lower levels of MK-8, MK-9, MK-10 
and MK-13. 

Source: isolated from sub gingival plaque from a patient 
with chronic periodontitis. 

DNA G+C content (mol 96): 51 (HPLC). 

Type strain: PPPA21, DSM 16608, JCM 12541. 

Sequence accession no. (16S rRNA gene): AB182483. 


Prevotella multisaccharivorax Sakamoto, Umeda, Ishikawa 
and Benno 2005b, 1842V* 


mul.ti.sac.cha.ri.vo'rax. L. adj. multus many/much; L. n. sac- 
charum sugar; L. adj. vorax devouring, ravenous, voracious; 
N.L. fem. adj. multisaccharivorax liking to eat many sugars. 


The description is from Sakamoto et al. (2005b). Cells 
are 0.8 x 2.5-8.3 um. Colonies are 0.5-0.7 mm in diameter, 
gray to off-white-gray, circular, entire, slightly convex and 
smooth on Eggerth-Gagnon blood agar. Acid is produced 
from arabinose (variable), cellobiose, glucose, glycerol, 
lactose, maltose, mannitol, mannose, melezitose, raffinose, 
rhamnose, salicin (variable), sorbitol, sucrose, trehalose 
and xylose. Esculin is hydrolyzed. Indole is not produced. 
Gelatin is digested. Catalase and urease are not produced. 

The major end products from glucose broth (composed 
of peptone, 1%; yeast extract, 1%; and glucose, 1%) are suc- 
cinic and acetic acids, with lower levels of isovaleric acid. Both 
nonhydroxylated and 3-hydroxylated long-chain fatty acids 
are present. The major fatty acids are C,,, &9c and C... The 
principal respiratory quinones are menaquinones MK-12 
and MK-13 with lower levels of (<10%) MK-10 and MK-11. 

Source: isolated from subgingival plaque from patients 
with chronic periodontitis. 
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DNA G+C content (mol % ): 50 (HPLC). 
Type strain: PPPA20. JCM12954, DSM 17128. 
Sequence accession no. (16S rRNA gene): AB200414. 


Prevotella nigrescens Shah and Gharbia 1992, 545‘? 


ni.gres'cens. L. part. adj. nigrescens becoming black, refer- 
ring to the characteristic black colonies formed on blood 
agar plates. 

The description is from Shah and Gharbia (1992), Miya- 
gawa et al. (1978, 1979, 1981), Miyagawa and Suto (Miya- 
gawa and Suto, 1980), Shah et al. (1976, 1979), Shah and 
Collins, (1980, 1983, 1990) and Shah and Williams (1982). 
Cells are 0.4—0.7 x 1.5-2.0 um; occasional cells are up to 12 
um long. Colonies on rabbit blood agar after 2 d are 0.5-2.0 
mm in diameter, circular and entire, low convex, translu- 
cent, smooth and beta-hemolytic; older or larger colonies 
may be opaque; colonies are reddish brown or black. Cells 
grown on hemolyzed blood agar develop pigment more 
rapidly (41-2 d) and are darker. Glucose broth cultures 
are turbid with a smooth (occasionally ropey or slightly 
mucoid) sediment and a final pH of 4.9-5.4. Hemin and 
vitamin K, are required for growth. Growth is inhibited by 
6.5% NaCl and strains grow well between 25 and 45°C. Acid 
is produced from fructose, glycogen, inulin, maltose, man- 
nose, raffinose, starch and sucrose, but not from cellobiose, 
esculin, gum arabic, lactose, ribose, trehalose or xylan. In- 
dole is produced. Starch is hydrolyzed. No H, is produced. 

The major fermentation products from a glucose-con- 
taining broth (e.g., BM) are acetic, isobutyric, isovaleric 
and succinic acids. The long-chain fatty acid composition 
is mainly anteiso- and iso-methyl branched acids with small 
amounts of straight-chain acids; the major fatty acid is 
12-methyltetradecanoic acid (C,., anteiso). The principal 
respiratory quinones are unsaturated menaquinones with 
llisoprene units with lower levels of MK-10 and MK-12. 

Sources: isolated initially from human dental plaque but 
has since been reported from head, neck and pleural infec- 
tions, from blood, and from abdominal and pelvic sites. 

DNA G+C content (mol % ): 40-44 (T. ). 

Type strain: Lambe 729-74, ATCC 33563, CCUG 9560, CIP 
105552, DSM 13386, JCM 6322, JOM 12250, NCTC 9336, 
VPI 8944. 

Sequence accession no. (16S rRNA gene): L16471. 


Prevotella oralis (Loesche, Socransky and Gibbons 1964) 
Shah and Collins 1990, 207%? (Ristella oralis (Loesche, 
Socransky and Gibbons 1964, 1334) Prévot, Turpin and Kai- 
ser 1967, 264 


o.ra'lis. L. n. os oris the mouth; L. fem. suff. -alis suffix denot- 
ing pertaining to; N.L. fem. adj. oralis pertaining to the 
mouth. 

The description is from Loesche et al. (1964), Holdeman 
et al. (1984), Shah et al. (1979, 1976), Shah and Collins 
(1990, 1980, 1983) and Shah and Williams (1982). Cells 
from glucose broth are 0.5-0.8 x 1.0-5.0 um, arranged in 
pairs and in chains. Surface colonies on hemolyzed rab- 
bit blood agar are 1.0 mm, circular, entire, convex, shiny, 
smooth, semi-opaque and buff. Strains are nonhemolytic on 
horse blood infusion agar. In 24 h, glucose broth cultures 
are moderately turbid with a smooth sediment and pH of 
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4.5-4.9. Strains grow in up to 3% O, and survive exposure 
to air for up to 80 min. No H,S is detected in peptone iron 
agar or in semisolid agar with 0.02% ferrous sulfate and 
0.03% sodium hyposulfite, but there is a slight blackening 
of lead acetate paper suspended over cultures in trypticase 
broth. The following sugars are fermented: amygdalin, fruc- 
tose, cellobiose, glucose, glycogen, lactose, maltose, man- 
nose, melibiose, raffinose, salicin, starch and sucrose. Acid 
is not produced from arabinose, inositol, mannitol, melezi- 
tose, trehalose or xylose. 

The major fermentation products from a glucose-con- 
taining broth (e.g., BM) are acetic, isobutyric, isovaleric 
and succinic acids. The long-chain fatty acid composition 
is mainly anteiso- and iso-methyl branched acids with small 
amounts of straight-chain acids; the major fatty acid is 
12-methyltetradecanoic acid (C,., anteiso). The principal 
respiratory quinones are unsaturated menaquinones with 
11 isoprene units with lower levels of MK-10 and MK-12. 

Source: isolated from the gingival crevice area of man and 
from infections, usually of the oral cavity and upper respira- 
tory and genital tracts. 

DNA G+C content (mol % ): 43 (T). 

Type strain: ATCC 33269, CCUG 15408, DSM 20702, JCM 
12251, NCTC 11459, VPI D27B-24. 

Sequence accession no. (16S rRNA gene): L16480. 


Prevotella oris (Holdeman, Moore, Churn and Johnson 
1982) Shah and Collins 1990, 207%P (Bacteroides oris Holde- 
man, Moore, Churn and Johnson 1982, 126%") 


or'is. L. gen. n. oris of the mouth, referring to a major natu- 
ral habitat of the species. 


The description is from Holdeman et al. (1982) and our 
own observations. The rod-shaped cells occur in pairs or 
short chains and are 0.5-0.8 x 0.8-2.6 um in PYG broth. 
Cells on BHIA roll tubes (Holdeman et al., 1980) produce 
subsurface colonies 1-2 mm in diameter and are lenticular 
and translucent. Colonies grown on blood agar plates are 
0.5-1 mm in diameter, circular with an entire edge, low con- 
vex, translucent to semi-opaque, white to buff, shiny and 
smooth. There is no action on rabbit blood or egg yolk agar 
(Holdeman et al., 1977). Most cells do not grow in PYG con- 
taining 10% bile; cells that do grow are markedly inhibited 
and delayed. Growth is stimulated and required by some 
strains by the addition of heme. Pre-reduced broth cultures 
after incubation at 37°C for 24 h are uniformly turbid with 
a smooth sediment. The terminal pH value after 3-5 d is 
4.5-4.9 in media with carbohydrates that are fermented by 
all strains, and 5.0-5.6 in media with sugars that are not fer- 
mented by all strains. All strains ferment dextrin, fructose, 
glucose, lactose, maltose, mannose, raffinose, starch and su- 
crose; most strains ferment amygdalin, arabinose, cellobio- 
se, glycogen, melibiose, rhamnose, ribose and salicin. Cells 
do not ferment erythritol, inositol, mannitol, melezitose, 
sorbitol or trehalose. Esculin and starch are hydrolyzed. Ni- 
trate is not reduced. Indole and catalase are not produced. 
Gelatin is digested by most strains. 

Succinic and acetic acids are the major fermentation 
end products from PYG broth culture; minor amounts pro- 
duced may include isobutyric and isovaleric acids; no H, is 
produced. The long-chain fatty acid composition is mainly 
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anteiso- and iso-methyl branched acids with small amounts 
of straight-chain acids; the major fatty acid is 12-methyltet- 
radecanoic acid (C,,, anteiso). The principal respiratory 
quinones are unsaturated menaquinones with 11 isoprene 
units (MK-11) with lower levels of MK-10 and MK-12. 

Source: isolated from human periodontal flora, systemic 
human infections, and from large intestines of chickens. 

DNA G+C content (mol % ): 42-46 (T. ). 

Type strain: ATCC 33573, CCUG 15405, CIP 104480, JCM 
8540, JCM 12252, NCTC 13071, VPI D1A-1A. 

Sequence accession no. (16S rRNA gene): L16472. 


Prevotella oulorum corrig. (Shah, Collins, Watabe and Mit- 
suoka 1985) Shah and Collins 1990, 207%" (Bacteroides oulo- 
rum Shah, Collins, Watabe and Mitsuoka 1985, 195V") 


ou.lo'rum. Gr. n. oulon the gums; N.L. gen. pl. n. oulorum 
of the gums. 


The description is from Shah et al. (1985) and previous 
reports: Shah et al. (1976, 1979), Shah and Collins (1980, 
1983, 1990) and Shah and Williams (1982). Cells are short 
rods to cocci, 0.5 x 1.0-1.5 um, occurring singly, in pairs or 
in chains of rods. Colonies on Eggerth-Gagnon blood agar 
after 2 d are 1 mm in diameter, circular and entire, convex, 
translucent, smooth and shiny, while colonies on blood agar 
after 2 d show a similar morphology but are low, convex and 
opaque. Cells grow well in either pre-reduced PYG or BM 
medium supplemented with hemin and menadione. The 
terminal pH in glucose-containing broth media is 5.0; the 
terminal pH in media without glucose is pH 6.2. Cells are 
saccharolytic, producing acid from glucose, fructose, gly- 
cogen, inulin, lactose, maltose, mannose, raffinose, starch 
and sucrose, but not from arabinose, cellobiose, glycerol, 
mannitol, melezitose, rhamnose, salicin, sorbitol, trehalose, 
xylan or xylose. Esculin, but not gelatin, is hydrolyzed. In- 
dole is not produced. 

Acetate and succinate are the major end products of 
fermentation. Both nonhydroxylated long-chain fatty acids 
(~90%) and 3-hydroxy long-chain fatty acids are present. 
The major cellular fatty acids are C,., anteiso, C,., iso and 
Czo iso; minor cellular fatty acids are C,,, iso 3-OH, C,,., 
anteiso, Ciso Ciso Cigo iso and C,,, iso; trace amounts in- 
clude C,,, iso, Ciz Ciz anteiso and C,,, @9c. The major 
respiratory quinones are menaquinones with 10 isoprene 
units (MK-10, >75%) with lower levels of MK-9 (<5%) and 
MK-11 (<20%). 

Source: isolated from the gingival crevice. 

DNA G+C content (mol % ): 45-46 (T. , Bd). 

Type strain: WPH 179, ATCC 43324, CCUG 20177, CIP 
104477, NCTC 11871. 

Sequence accession no. (16S rRNA gene): L16472. 


Prevotella pallens Kónónen, Eerola, Frandsen, Jalava, Mat- 
tó, Salmenlinna and Jousimies-Somer 1998a, 49‘? 


pallens. L. part. adj. pallens being or looking or growing 
pale, referring to the weak pigmentation of colonies on 
blood agar plates. 


This species was first referred to as a Prevotella 
intermedia/ nigrescenslike organism by Könönen, Matto, et al. 
(1998b). The description is from Könönen, Eerola, et al. 
(1998a) and our own observations. Cells grown in broth are 
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short rods or coccobacilli, 0.5-0.8 x 1.2-2 um. Colonies on 
supplemented Brucella sheep agar after 3 d are 0.8-1.4 mm 
diameter, circular and entire, raised convex, smooth and 
glistening, with a distinct halo of metallic sheen around the 
colonies and with weak cream pigmentation. Colonies on 
rabbit laked blood agar after 3-5 d are tan to light brown 
and exhibit red fluorescence under long-wavelength UV 
light (365 nm) due to over production of protoporphyrin. 
Acid is produced from glucose, maltose and sucrose in PYG 
broth, but not from arabinose, cellobiose, esculin, lactose 
(except one strain) or xylose. Gelatin is liquefied. Indole is 
positive. Lipase is negative. 

Acetic and succinic acids are the major end products of 
fermentation; another frequent product is isovaleric acid. 
The major cellular fatty acids are C,. , anteiso, C}; iso, C,,., 
iso 3-OH and an unknown cellular fatty acid with equivalent 
chain-length at 13.570. The principal respiratory quinones 
are menaquinones with 11 isoprene units (MK-11) with 
lower levels of MK-10 and MK-12. 

Source: the type strain was isolated from saliva of a young 
child. 

DNA G+C content (mol96): unknown. 

Type strain: AHN 10371, ATCC 700821, CCUG 39484, CIP 
105551, JCM 11140, NCTC 13042. 

Sequence accession no. (16S rRNA gene): Y13105. 


Prevotella ruminicola (Bryant, Small, Bouma and Chu 
1958) Shah and Collins 1990, 207" emend. Avguštin, Wal- 
lace and Flint 1997, 286 (Bacteroides ruminicola Bryant, 
Small, Bouma and Chu 1958, 18^; Ruminobacter ruminicola 
(Bryant, Small, Bouma and Chu 1958) Prévot 1966, 121). 


ru.mi.ni'co.la. L. n. rumen -inis first stomach of ruminants, 
rumen; L. suff. -cola (from L. n. incola) inhabitant, deweller; 
N.L. n. ruminicola inhabitant of the rumen. 


The morphological and biochemical characteristics of 
this species are based on the reports of Bryant et al. (1958) 
and Holdeman et al. (1984) and on the chemotaxonomic 
characters reported by Shah and Collins (1980, 1983). 

Cells are 0.8-1 um x 0.8—-30 um, with slightly tapered and 
with rounded ends. Most cells are 1.2—6 um long. Irregular 
granules and bipolar staining are seen in some cells. Cells 
are often encapsulated and are either single or in pairs, with 
some chains containing long to coccoid cells. Surface colo- 
nies are smooth, entire, convex, opaque and light buff in 
color. Growth occurs at 30 and 37°C. Most strains produce 
clear zones that are visible after staining with Congo red. 
The following carbohydrates are fermented: arbutin, sali- 
cin, raffinose, mannose, sucrose, melibiose, xylose, arabino- 
se, galactose, fructose, cellobiose, maltose, sucrose, inulin, 
sucrose, xylan, pectin and esculin. Lactate, trehalose, cellu- 
lose, glycerol, mannitol, inositol and gum arabic are not fer- 
mented. The species is also proteolytic and plays a key role 
in ruminal protein degradation. Many strains have activities 
that suggest that they play important roles in the utilization 
of polysaccharides of plant origin, including xylans, pectins 
and starch, and in the metabolism of peptides and proteins. 
Starch is hydrolyzed and nitrate is not reduced. Acetylmeth- 
ylcarbinol, H,S, catalase and indole are not produced. 

The major metabolic end products from glucose broth 
are acetic, formic and succinic acids, with low to trace 
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amounts of propionic, isobutyric and isovaleric acids. The 
long-chain fatty acid composition is mainly anteiso- and iso- 
methyl branched acids, with small amounts of straight-chain 
acids; the major fatty acid is 12-methyltetradecanoic acid 
(Ciz anteiso) and pentadecanoic (C,,,), but other profiles 
may exist (see Shah and Collins, 1983). The principal respi- 
ratory quinones are menaquinones MK-12 and MK-11 with 
low levels (~1-5%) of MK-10 and MK-13. 

Source: reticulo-rumen of cattle, sheep and elk and pre- 
sumed to be among the more numerous bacteria in the ru- 
men of most ruminants. Also isolated from the intestinal 
contents of chickens. 

DNA G+C content (mol96): 45-52 (T). 

Type strain: Bryant 23, ATCC 19189, CIP 105475, JCM 8958. 

Sequence accession no. (16S rRNA gene): L16482. 


Prevotella salivae Sakamoto, Suzuki, Huang, Umeda, 
Ishikawa and Benno 2004, 882V? 


sa.li'vae. L. fem. gen. n. salivae from/of saliva from which 
the micro-organism was isolated. 


The description is from Sakamoto et al. (2004). Cells are 
~0.5-0.8 x 0.8-1.7 um. Colonies are 1-2 mm in diameter, gray 
to light brown, circular, entire, slightly convex and smooth on 
Eggerth-Gagnon agar plates. Acid is produced from arabino- 
se, cellobiose, glucose, lactose, maltose, mannose, raffinose, 
salicin, sucrose and xylose. Acid is not produced from glyc- 
erol, mannitol, melezitose, rhamnose, sorbitol or trehalose. 
Esculin is hydrolyzed. Indole is not produced. Gelatin is not 
digested. Catalase and urease are not produced. 

Major end products (from a (w/v) peptone (1%), yeast 
extract 1%) glucose (1%) broth culture) are succinic and 
acetic acids; small amounts of isovaleric acid are also pro- 
duced. Malate dehydrogenase and glutamate dehydroge- 
nase (low activity) are present. Both nonhydroxylated and 
3-hydroxylated long-chain fatty acids are present. Major 
fatty acids are C, anteiso, C, iso 3-OH and C,,, o9c. The 
predominant respiratory quinones are menaquinones MK- 
11 (26796), MK-12 (20%) and MK-10 (13%). 

Source: isolated from the saliva of a patient with chronic 
periodontitis. 

DNA G+C content (mol96): 41-42 (HPLC). 

Type strain: EPSA11, DSM 15606, JCM 12084. 

Sequence accession no. (16S rRNA gene): AB108826. 


Prevotella shahii Sakamoto, Suzuki, Huang, Umeda, Ishika- 
wa and Benno 2004, 881” 


sha'hi.i. N.L. gen. masc. n. shahii of Shah, named after the 
Trinidadian-born British microbiologist Haroun N. Shah, 
for his contributions to the taxonomy of the genus Bacteroi- 
des and related taxa. 


The description is from Sakamoto et al. (2004). Most 
cells are ~0.5-0.8 x 8.3-10.0 um. Colonies are 1-2 mm in 
diameter, tan to light brown, circular, entire, slightly convex 
and smooth on Eggerth-Gagnon blood agar plates. Acid is 
produced from glucose, lactose, maltose, mannose, raffino- 
se and sucrose, but not from arabinose, cellobiose, glycerol, 
mannitol, melezitose, rhamnose, salicin, sorbitol, trehalose 
or xylose. Esculin is not hydrolyzed. Indole is not produced. 
Gelatin is digested. Catalase and urease are not produced. 

Succinic and acetic acids are major end products from 
glucose broth containing peptone (1%), yeast extract (1%) 
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and glucose (1%). Both non-hydroxylated long-chain fatty 
acids (~90%) and 3-hydroxy long-chain fatty acids are pres- 
ent. The major cellular fatty acids are C,., o9¢, Cie and Cigo 
3-OH. The major respiratory quinones are menaquinones 
with 11 isoprene units (MK-11, >50%); MK-10 (>15%) and 
MK-12 (>20%) are also present, with lower levels of MK-8 
(<1%) and MK-9 (<1%). 

Source: isolated from the normal oral flora. 

DNA G+C content (mol96): 44-45 (HPLC). 

Type strain: EHS11, DSM 15611, JCM 12083. 

Sequence accession no. (16S rRNA gene): AB108825. 


Prevotella stercorea Hayashi, Shibata, Sakamoto, Tomita 
and Benno 2007, 943%” 


ster.co're.a. L. fem. adj. stercorea pertaining to feces. 


The description is from Hayashi et al. (2007). Colonies 
on Eggerth-Gagnon blood agar plates after 48 h incuba- 
tion at 37°C under 100% CO, gas are translucent, circular, 
entire, slightly convex and smooth. Optimum temperature 
for growth is 37°C. 

Acid is produced from glucose, lactose, sucrose, maltose, 
mannose and raffinose, but not from arabinose, melezitose, 
rhamnose, salicin or xylose. Growth is inhibited on Bacteroi- 
des bile esculin agar. Indole is not produced, esculin is not 
hydrolyzed, nor is gelatinase or urease activity detected. 
With the API ZYM system, positive reactions are obtained 
for alkaline phosphatase, acid phosphatase, naphthol-AS-BI- 
phosphohydrolase, B-galactosidase, o-glucosidase, N-acetyl- 
P-glucosaminidase and a-L-fucosidase; negative reactions are 
obtained for esterase (C4), esterase lipase (C8), lipase (C4), 
leucine arylamidase, valine arylamidase, cystine arylamidase, 
trypsin, chymotrypsin, B-gluconidase and f-glucosidase. 

The major metabolic end products are succinic and acetic 
acids with small amounts of isovaleric acid. Both non-hydrox- 
ylated long-chain fatty acids and 3-hydroxy long-chain fatty 
acids are present. The major fatty acids are C,,, o9c, C... 
iso and C,., anteiso. The principal respiratory quinones are 
menaquinones MK-13 (>50%) and MK-12 (>25%) with lower 
levels of MK-9 (1%), MK-10 (5%) and MK-11 (<10%). 

Source: the type strain was isolated from human feces. The 
habitat appears to be the human intestinal tract. 

DNA G+C content (mol % ): 48-49 (HPLC). 

Type strain: CB35, DSM 18206, JCM 13469. 

Sequence accession no. (16S rRNA gene): AB244774. 


Prevotella tannerae Moore, Johnson and Moore 1994, 600%” 


tan'ne.rae. N.L. gen. fem. n. tannerae of Tanner, in honor of 
Anne C. R. Tanner, an American microbiologist. 


The description is from Moore et al. (1994). Cells occur 
in short chains grown in PYG broth and are 0.3 x 0.7-8 um; 
filaments up to 14 um long are observed. Colonies on blood 
agar plates after 2 d are 1-2 mm in diameter, circular, low 
convex and translucent to transparent. Colonies grown on 
rabbit blood agar after 5 d may be black, tan to brown to red, 
or colorless; occasional colonies are surrounded by small 
clear zones of hemolysis. Broth cultures are cloudy with a 
smooth sediment. Strains require addition of 1046 sterile 
serum for optimum growth and acid production. Terminal 
pH values of glucose broth after 5 d are 4.8-5.3. Acid is pro- 
duced by most strains from dextrin, fructose, glycogen, lac- 
tose and maltose, and less reliably (20-50% of isolates) from 
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raffinose, sucrose and trehalose and mannose. Acid is not 
produced from amygdalin, cellobiose, melibiose, salicin or 
xylose. Esculin is not hydrolyzed by the majority of strains. 
Gelatin is liquefied and starch is hydrolyzed by most strains. 
Succinic and acetic acids are the major end products of fer- 
mentation; minor products include formic and isovaleric ac- 
ids and trace amounts of isobutyric acid. No H, is produced. 
The major cellular fatty acids are C,, , anteiso, G... iso, C,,., 
iso 3-OH and Cg dimethyl acetyl; minor cellular fatty acids 
mE Ciso Cio Cio 3-OH, Cio iso and Cis iso. 

Source: the type strain was isolated from gingival crevice 
of an adult with gingivitis. The normal habitat of this spe- 
cies is the human gingival crevice. 

DNA G+C content (mol96): 45 (T). 

Type strain: ATCC 51259, CCUG 34292, NCTC 13073, VPI 
N14B-15. 

Sequence accession no. (16S rRNA gene): AJ005634. 


Prevotella timonensis Glazunova, Launay, Raoult and Roux 
2007, 885‘? 


ti.mo.n.en'sis. N.L. fem. adj. timonensis pertaining to the 
Hospital de la Timone, the hospital in Marseille, France, 
from where the type strain was isolated. 


The description is from Glazunova et al. (2007). Cells 
are straight rods. After 48 h growth in Trypticase Soy Broth 
(TSB) medium, rods are 0.3-0.5 x 0.8-1.4 um and occur 
singly. Growth occurs on sheep blood agar and in TSB liq- 
uid medium. After 72 h growth on blood sheep agar, sur- 
face colonies are circular, white-grayish, smooth, shiny and 
1-2 mm in diameter. The temperature range for growth is 
25-37°C, with an optimum at 37°C. Acid is produced from 
glucose, lactose and maltose. With the API 20A system, 
gelatin hydrolysis is positive; negative results are obtained 
for indole production, urease, esculin hydrolysis and fer- 
mentation of mannitol, sucrose, salicin, xylose, arabinose, 
glycerol, cellobiose, mannose, melezitose, raffinose, sorp- 
tion, rhamnose and trehalose. With the API ID 32A system, 
positive enzyme reactions occur for alkaline phosphatase, B- 
galactosidase, o-glucosidase, N-acetyl-B-glucosaminidase, o- 
fucosidase, arginine arylamidase, leucyl glycine arylamidase 
and alanine arylamidase. No activity is detected for glutam- 
ic acid decarboxylase, arginine dihydrolase, B-glucosidase, 
a-arabinosidase, B-glucuronidase, proline arylamidase, phe- 
nylalanine arylamidase, leucine arylamidase, pyroglutamic 
acid arylamidase, tyrosine arylamidase, glycine arylamidase, 
histidine arylamidase, glutamyl glutamic acid arylamidase 
or serine arylamidase. The major cellular fatty acids are 
C, 4.9» Ciso» Ciso iso and a mixture of C g ©6,9c and Cigo 

Source: the type strain was isolated from a human breast 
abscess. 

DNA G+C content (mol96): unknown. 

Type strain: 4401737, CCUG 50105, CIP 108522. 

Sequence accession no. (16S rRNA gene): DQ518919. 


Prevotella veroralis (Watabe, Benno and Mitsuoka 1983) 
Shah and Collins 1990, 207°” emend. Wu, Johnson, Moore 
and Moore 1992, 536%” (Bacteroides veroralis Watabe, Benno 
and Mitsuoka 1983, 62°"). 


ver'o.ralis. L. adj. verus true; N.L. adj. oralis pertaining to 
the mouth and also a specific epithet; N.L. fem. adj. veroralis 
the true (Prevotella) oralis. 
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The description is from Watabe et al. (1983), Wu et al. 
(1992) and our own observations. The rod-shaped cells are 
0.5 x 1.0-1.5 um and occur in pairs of short rods or short 
chains of long rods. Colonies grown on Eggerth-Gagnon 
blood agar plates for 2 d are 1.0-2.0 mm in diameter, circu- 
lar, entire, convex, translucent, smooth and shiny. Growth is 
not stimulated by bile. Cultures in pre-reduced PY broth are 
moderately turbid and may have a slight smooth sediment. 
Growth is enhanced in broth supplemented with ferment- 
able carbohydrate. The optimal temperature is 37°C; the 
terminal pH in PYG broth is 4.7, and the pH without fer- 
mentable carbohydrate is 6.1. Strains ferment cellobiose, es- 
culin, fructose, glycogen, inulin, melibiose, raffinose, starch, 
sucrose and xylan, but not amygdalin, glycerol, mannitol, 
rhamnose, ribose, sorbitol or salicin. Starch and esculin are 
hydrolyzed. Gelatin is liquefied. Nitrate is not reduced. In- 
dole is not produced. 

The major fermentation products from a glucose-con- 
taining broth (e.g., BM) are acetic, isobutyric, isovaleric 
and succinic acids. The long-chain fatty acid composition 
is mainly anteiso- and iso-methyl branched acids, with small 
amounts of straight-chain acids. The major fatty acids are 
C,,, @9c and C; anteiso. The principal respiratory qui- 
nones are unsaturated menaquinones with approximately 
equivalent levels (~40-50%) of MK-10 and MK-11 with low- 
er levels of MK-12 (<10%). 

Source: isolated from the human oral cavity. 

DNA G+C content (mol96): 42 (T. ). 

Type strain: ATCC 33779, CCUG 15422, JCM 6290, VPI 
D22A-7. 

Sequence accession no. (16S rRNA gene): L16473. 


Prevotella zoogleoformans (Weinberg, Nativelle and 
Prévot 1937) Cato, Kelley, Moore and Holdeman 1982, 
273V" [Bacterium zoogleoformans (sic) Weinberg, Nativelle 
and Prévot 1937, 725; Capsularis zoogleoformans (sic) Prévot 
1938, 293] 


z0.o.gle'o.for'mans. Gr. adj. zóos alive, living; Gr. masc. noun 
gloios gum, glue; N.L. fem. n. zoogleoea inhabitant of glue; 
L. part. adj. formans forming; N.L. part. adj. zoogleoformans 
forming zoogloea (pertaining to the glutinous mass pro- 
duced in broth cultures). 


The description is from Cato et al. (1982), Holdeman 
et al. (1984) and Moore et al. (1994). Cells grown in glu- 
cose broth are 0.6-1.0 x 0.8-8.0 um, have rounded ends, 
and many stain irregularly They usually occur singly, 
occasionally in pairs. No capsules are detected. Cells form 
a viscous, glutinous mass in broth cultures and produce dis- 
tinctive towers of “zoogloeal” slime on meat particles. Sur- 
face colonies on blood agar plates are 0.5-2 mm, circular, 
entire, pulvinate, opaque, buff colored, shiny, smooth and 
butyrous. Hemin is required for growth. No growth occurs 
at 25°C; variable growth occurs at 45°C. In pre-reduced 
media, the most reliable fermentation reactions are ob- 
tained when 10% (v/v) sterile serum is added and cultures 
are inoculated and incubated in a gaseous atmosphere 
containing 9076 N, and only 1076 CO,. Acid is produced 
from salicin, raffinose, mannose, sucrose, melibiose, xylose, 
arabinose, galactose, fructose, cellobiose, maltose, sucrose, 
inulin, sucrose and xylan, but not from melezitose, rham- 
nose, ribose, trehalose, mannitol or inositol. Pectin and 
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esculin are hydrolyzed. The species is proteolytic and plays 
a key role in ruminal protein degradation. Many strains 
have activities that suggest that they play important roles in 
the utilization of polysaccharides of plant origin, including 
xylans, pectins and starch, and in the metabolism of pep- 
tides and proteins. Starch is hydrolyzed and nitrate is not 
reduced. Acetylmethylcarbinol, H,S, catalase, and indole 
are not produced. 

The major fermentation products from a glucose-con- 
taining broth (e.g., BM) are acetic, isobutyric, isovaleric 
and succinic acids. The long-chain fatty acid composition 
is mainly anteiso-and iso-methyl branched acids with small 
amounts of straight-chain acids; the major fatty acids are 
C,,., @9cand C; anteiso. 

Source: isolated from the oral cavity and intestinal tract of 
man and animals. 

DNA G+C content (mol % ): 47 (T). 

Type strain: ATCC 33285, CCUG 20495, CIP 104479, 
NCTC 13075, VPI D28K-1. 

Sequence accession no. (16S rRNA gene): L16488. 


Other organisms 


“Prevotella massiliensis” has been reported on the basis of com- 
parative 16S rRNA sequence analysis. The species clusters with 
other Prevotella but differs markedly from members of the genus 
by its inability to ferment any sugars tested while its long-chain 
fatty acid profile is more compatible with Clostridium botulinum 
or Bifidobacterium bifidum (see below). The following descrip- 
tion is from Berger et al. (2005): 

“Prevotella massiliensis” Berger, Adekambi, Mallet and 
Drancourt 2005, 973 
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mas.si.li.en'sis. L. fem. adj. massiliensis pertaining to Massilia, 
the ancient Roman name of Marseille, France, where the organ- 
ism was isolated and characterized. 

The description is from Berger et al. (2005). Cells are 1-2 um 
which when viewed under electron microscopy exhibit a trila- 
mellar membrane. They are nonmotile and possess no flagella. 
Colonies are seen on blood agar after 72 h incubation and are 
non-pigmented, circular, convex, shiny with a smooth surface, 
approximately 1 mm diameter and non-hemolytic. Growth 
occurs at 37°C, but not at ambient temperature nor at 44°C; 
better growth is achieved on 5% sheep blood agar than on tryp- 
ticase soy or chocolate agar. Using the API 20A identification 
strip for anaerobes, it is indole-positive. The physiological reac- 
tion spectrum of this species is incomplete, but unlike other Pre- 
votella species it appears to be nonfermentative. Thus acid is not 
produced from glucose, mannitol, sucrose, maltose, lactose, sali- 
cin, xylose, arabinose, glycerol, cellobiose, mannose, melezitose, 
raffinose, sorbitol, rhamnose or trehalose. Gelatin and esculin 
are not hydrolyzed. Other differential tests include its suscepti- 
bility to penicillin, imipenem, clarithromycin, clindamycin, met- 
ronidazole and kanamycin and its resistance to vancomycin. 

The short-chain metabolic end products are unknown, but 
the long-chain fatty acid profiles are at variance with Prevotella 
species and are more compatible with those of Clostridium botu- 
linum or Bifidobacterium bifidum. Thus, the major fatty acids are: 
Cio: Cio 3-OH, Cis and Ciis: 

Source: isolated from the blood of a patient hospitalized in an 
intensive care unit. Habitat is not known. 

DNA G+C content (mol 96): unknown. 

Type strain: CIP 107630. 

Sequence accession no. (16S rRNA gene): AF487886. 


Genus Il. Xylanibacter Ueki, Akasaka, Suzuki, Hattori and Ueki 2006, 2220"? 


THE EpiroRIAL BOARD 


Xy.la.ni.bac'ter. N.L. n. xylanum xylan; N.L. masc. n. bacter a rod; N.L. masc. n. Xylanibacter rod 


decomposing xylan. 


Short to filamentous rods. Nonmotile. Nonsporeforming. 
Gramestain-negative. Strictly anaerobic. Chemo-organotrophic. 
Optimum growth temperature, 30°C. Oxidase and catalase- 
negative. Nitrate is not reduced. Hemin markedly stimulates 
growth. Various sugars are utilized, including xylan. In the pres- 
ence of cyanocobalamin and hemin, acetate, propionate, and 
succinate are produced as major fermentation products. The 
major cellular fatty acids are C,, , anteiso and C, iso 3-OH. The 
major respiratory quinones are MK-12(H,) and MK-13(H,). 

DNA G+C content (mol% ): 43.6 (HPLC). 

Type species: Xylanibacter oryzae Ueki, Akasaka, Suzuki, Hat- 
tori and Ueki 2006, 22209". 


Further descriptive information 


Xylanibacter oryzae was isolated from a sample of rice-plant resi- 
due (rice stubble and roots) collected from irrigated rice-field 
soil at the Shonai Branch of the Yamagata Agricultural Experi- 
mental Station (Tsuruoka, Yamagata, Japan) during the flood- 
ing period of the field. 

The addition of hemin to the medium greatly enhances 
growth, which otherwise occurs very slowly. Cells grown in 


peptone-yeast extract-glucose (PYG) broth with hemin are 
mainly short rods (0.6-0.7 x 2-2.6 um) but also some longer 
rods (4-10 um), whereas cells grown in the absence of hemin 
are often filamentous rods (20-50 um long), sometimes in 
chains. Addition of a B-vitamin mixture or vitamin K does not 
affect the growth rate. 

The end products of glucose fermentation are acetate, suc- 
cinate, and a small amount of propionate; however, the level of 
propionate is markedly increased by the addition of either the 
B-vitamin mixture or cyanocobalamin. 


Enrichment, isolation, and maintenance procedures 


Rice plant residue samples were homogenized under N, gas 
using a Waring blender. Isolation of the type strain was accom- 
plished using the anaerobic roll-tube method. 

For maintenance, PY4S agar* (which has no hemin) is 
preferred. 


*PY4S agar is peptone-yeast extract (PY) broth supplemented with (g/1): glucose, 
0.25; cellobiose, 0.25; maltose, 0.25; soluble starch, 0.25; and agar, 15.0. 


GENUS Il. XYLANIBACTER 


Differentiation of the genus Xylanibacter from other genera 


Unlike Xylanibacter oryzae, Prevotella bivia hydrolyzes gelatin but 
not esculin, forms no propionate, does not form acid from ara- 
binose, cellobiose, salicin, sucrose, trehalose, and xylose, and 
has MK-9, MK-10, and MK-11 as its predominant menaquino- 
nes. Prevotella albensis differs from Xylanibacter oryzae by its failure 
to form acid from carboxymethylcellulose, mannose, sucrose, 
and trehalose, and by the presence of MK-11 and MK-12 as its 
predominant menaquinones. Prevotella oulorum differs from 
Xylanibacter oryzae by its failure to form propionate, formation 
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of acid from inulin but not arabinose, cellobiose, salicin, treha- 
lose, and xylose, and by the presence of MK-10 as its predomi- 
nant menaquinone. 


Taxonomic comments 


By 16S rRNA gene sequence analysis, the nearest neighbor of 
Xylanibacter oryzae is Prevotella bivia with a sequence similarity of 
89.5%. Other neighbors are Prevotella albensis (sequence simi- 
larity of 89.1%) and Prevotella oulorum (sequence similarity of 
89.1%). 


List of species of the genus Xylanibacter 


l. Xylanibacter oryzae Ueki, Akasaka, Suzuki, Hattori and 
Ueki 2006, 2220" 


o'ry.zae. L. fem. n. oryzarice and the genus name of rice; L. 
gen. n. oryzae from/of rice or rice plants, referring to rice- 
plant residue from which the strain was isolated. 


The characteristics are as described for the genus, with 
the following additional features. pH range, 4.7-7.3; op- 
timum, 5.7-6.2. Temperature range, 15-35?C; optimum, 
30°C; growth at 37°C is considerably delayed. The NaCl 
concentration range for growth is 0-0.5% in PYG medium 
containing hemin and B-vitamin mixture. The following 
compounds are growth substrates: arabinose, carboxym- 
ethylcellulose, cellobiose, fructose, galactose, glucose, lac- 
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Class II. Flavobacteriia class. nov. 


JEAN-FRANGOIS BERNARDET 


Fla.vo.bac.te’ri.i.a. N.L. neut. n. Flavobacterium type genus of the type order Flavobacteri- 
ales; suff. -ia, ending proposal by Gibbons and Murray and by Stackebrandt et al. to denote 
class; N.L. neut. pl. n. Flavobacteriia, the Flavobacterium class. 


The class /Tavobacteriia is circumscribed for this volume on the basis 
of the phylogenetic analyses of the 165 rRNA sequences in contrast 
to the proposal by Cavalier-Smith (2002), which was based on a few 
basic morphological, chemotaxonomic and physiological features. 
This class includes only the order Favobacteriales (ord. nov., this vol- 
ume). The description of the class is the same as the order. 


Type order: Flavobacteriales ord. nov. 
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Order |. Flavobacteriales ord. nov. 


JEAN-FRANGOIS BERNARDET 


Fla.vo.bac.te.ri'a.les. N.L. neut. n. Flavobacterium type genus of the order; suff. -ales ending to 
denote an order; N.L. fem. pl. n. Flavobacteriales the Flavobacterium order. 


The order Flavobacteriales is circumscribed for this volume on the 
basis of the phylogenetic analyses of the 16S rRNA sequences. 
This order contains the families Flavobacteriaceae, Blattabacteriaceae, 
and Cryomorphaceae. It consists of Gram-stain-negative, nonspore- 
forming rods or filaments devoid of gas vesicles and intracellu- 
lar granules of poly-B-hydroxybutyrate, which usually multiply 
by binary fission; ring-shaped cells are not formed. Members of 
the family Blattabacteriaceae are nonmotile, nonflagellated, non- 
culturable and poorly characterized intracellular symbionts of 
insects. The families Flavobacteriaceae and Cryomorphaceae consist 
of strictly aerobic or facultatively anaerobic chemo-organotrophs 
with respiratory metabolism (fermentative metabolism occurs 
in a few members of the family Flavobacteriaceae), nonmotile or 
motile by gliding, with yellow or orange colonies due to the pro- 
duction of carotenoid and/or flexirubin type pigments. 

Many members of these families require NaCl or seawater 
salts for growth and most of them require organic compounds 
present in yeast extract, peptone and/or Casamino acids. Mem- 
bers of the family Flavobacteriaceae are widespread in soil or 
fresh, brackish or sea water in temperate, tropical or polar areas, 
while cultured members of the family Cryomorphaceae are so far 
restricted to low temperature marine habitats. Some members 
of the family Flavobacteriaceae are pathogenic for humans, fish, 
or amphibians. Menaquinone 6 (MK-6) is the major respiratory 
quinone in all members of the family Flavobacteriaceae. 

DNA G+C content (mol %) : 27-56. 

Type genus: Flavobacterium Bergey, Harrison, Breed, Hammer 
and Huntoon 1923, 97*" emend. Bernardet, Segers, Vancanneyt, 
Berthe, Kersters and Vandamme 1996, 139%". 


Further descriptive information 


The three families that were grouped into the order Flavobac- 
teriales on the basis of phylogenetic analyses represent very 
different numbers of organisms. While the family Blattabacte- 
riaceae is so far limited to a single nonculturable species and 
the family Cryomorphaceae comprises four genera each only 
represented by a single species, the family Flavobacteriaceae 
currently includes more than 61 genera, some of them com- 
prising more than 40 species. The only Blattabacterium species 
known so far is characterized by its very special habitat. On 
the other hand, differentiation of the two other families is 
hindered by the variability of most key characteristics between 
and within their genera and species. Hence, it is not possible 
to propose a key to the families of the order Flavobacteriales 
or a table of differentiating characteristics and 16S rRNA 
sequence analysis remains the best method to allocate a new 
isolate to a family. 
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Syst. Bacteriol. 46: 128-148. 
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Family |. Flavobacteriaceae Reichenbach 1992b, 327"* (Effective publication: Reichenbach 1989b, 
2013.) emend. Bernardet, Segers, Vancanneyt, Berthe, Kersters and Vandamme 1996, 145 emend. 
Bernardet, Nakagawa and Holmes 2002, 1057 


JEAN-FRANGOIS BERNARDET 


Fla.vo.bac.te’ri.a.ce’a.e. N.L. neut. n. Flavobacterium type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Flavobacteriaceae the family Flavobacterium. 


Gram-stain-negative, nonsporeforming, short or moderately 
long to filamentous, rigid to flexible rods. Coiled and helical 
cells are formed by members of some taxa, but ring-shaped 
cells are not formed. Cells of some species may form coccoid 
bodies in old cultures. Cells usually divide by binary fission, but 
a budding process has also been reported in Formosa agariphila. 
Nonmotile or motile by gliding. Flagella are absent; an excep- 
tion is Polaribacter irgensii, although flagellar motility could not 
be observed in the only strain available. Cells of the three Muri- 
cauda species produce long and relatively thick appendages. 
Colonies are round or uneven to rhizoid, convex to flat, and 
may be sunken into or adherent to the agar. Nondiffusible, 
light to bright yellow to orange pigments are usually produced, 
but members of some genera form nonpigmented colonies. 

Chemo-organotrophic. Unsaturated menaquinone with six 
isoprene units (MK-6) is the only or major respiratory isoprenoid 
quinone. Growth is usually aerobic, but microaerobic to anaer- 
obic growth occurs in members of some genera. The type of 
metabolism is respiratory or (rarely) fermentative with oxygen as 
electron acceptor, except for a few species that may use nitrates 
or nitrites as electron acceptors. Nitrates are usually not reduced. 
Members of a few genera are able to reduce nitrates, but they 
cannot reduce nitrites; an exception is Flavobacterium denitrificans, 
a facultative anaerobe that grows by denitrification in mineral 
medium. Oxidase and catalase activities are usually present. 
Growth occurs on organic nitrogen compounds (peptones, yeast 
extract, or Casamino acids) as the sole source of nitrogen and 
often also of carbon and energy (although carbohydrates are 
the preferred sources of carbon and energy); inorganic nitro- 
gen is also used by most members of the family. Vitamins and 
amino acids are not required. Members of most species are able 
to degrade a range of organic macromolecules such as proteins 
(e.g., casein, gelatin, etc.), lipids (e.g., lecithin, Tweens, etc.), 
and simple or complex carbohydrates (e.g., esculin, starch, pec- 
tin, agar, chitin, carboxymethylcellulose, etc.); however, crystal- 
line cellulose (i.e., filter paper) is not degraded. Most members 
of the family are halophilic to varying degrees, requiring NaCl or 
seawater for growth; some others are merely halotolerant. Most 
species are mesophilic, but a number of species and genera are 
psychrophilic. Pigments belong to the carotenoid or flexirubin 
type or both. Intracellular granules of poly-B-hydroxybutyrate 
are absent. Sphingophospholipids are absent. Homospermidine 
is usually the major polyamine. Members of the family typically 
contain high levels of branched saturated, branched monoun- 
saturated, and branched hydroxy C,.-C,, fatty acids. 

The organisms are most frequently isolated from soil or 
from fresh, brackish, or seawater, in temperate, tropical, or 
polar areas. Some species are frequently isolated from food and 
dairy products. The organisms also occur in biofilms in vari- 
ous environments. Several species are pathogenic for humans 
and other warm-blooded animals; other species are pathogenic 
for freshwater and marine fish, amphibians, and other aquatic 


animals, or marine microalgae. Unidentified members of the 
family have also been found to occur in the guts of insects and 
intracellularly in amoebae. Analysis of 16S rRNA gene sequences 
show that the family belongs to the phylum Bacteroidetes phyl. 
nov., class Flavobacteriia, order Flavobacteriales ord. nov.. The most 
closely related organisms are members of the families “Blattabac- 
teriaceae’ and Cryomorphaceae (Bowman et al., 2003). 

DNA G+C content (mol96): 27-56. 

Type genus: Flavobacterium Bergey, Harrison, Breed, Ham- 
mer and Huntoon 1923, 97^ emend. Bernardet, Segers, Van- 
canneyt, Berthe, Kersters and Vandamme 1996, 139. 


Historical, phylogenetic, and taxonomic overview 


The history and evolution of the family Flavobacteriaceae and of 
the genera it comprises have already been extensively presented 
(Bernardet and Nakagawa, 2006; Bernardet et al., 2002; Bernardet 
etal., 1996). In the previous edition of Bergey s Manual of Systematic 
Bacteriology, the organisms currently grouped in the family (as well 
as many organisms now removed from the family) were divided 
among the chapters “Genus Flavobacterium" (Holmes et al., 1984c) 
and “Order I. Cytophagales’ (Reichenbach, 1989b). The first men- 
tion of the family Flavobacteriaceae appeared in Jooste's PhD thesis 
(Jooste, 1985). The brief description of the family subsequently 
included in Bergey s Manual (Reichenbach, 1989b) was based on the 
features of the genus Flavobacierium as it was defined at that time, 
i.e., yellow-orange to nonpigmented, nongliding, strictly aerobic 
organisms retrieved from various environments and from clinical 
specimens, which may become pathogenic. Extensively revised 
descriptions of the genus Flavobacterium and of the family Flavobac- 
leriaceae were published following a thorough polyphasic study; at 
that time, the family comprised eight genera and the organisms 
that would later become the genera Myroides and Tenacibaculum 
(Bernardet et al., 1996). The publication of minimal standards 
for the description of new taxa in the family was the opportunity 
to further emend the description of the family, then comprising 
18 genera and two generically misclassified organisms (Bernardet 
et al., 2002). Following improvement and increased accessibility 
of molecular sequencing techniques and extensive investigations 
of various remote, mostly polar and/or marine environments, the 
number of new genera attributed to the family has been growing 
at an exponential pace. At the time of writing (February 2006), 
54 genera belong to the family (including one with a name that 
has not been validly published, “Fucobacter’) and several more are 
“in press" or accepted for publication in the International Journal 
of Systematic and Evolutionary Microbiology. See Recently published gen- 
era, below, for more information. The description of Pibocella ponti 
(Nedashkovskaya et al., 2005b) was actually based on an errone- 
ous 16S rRNA gene sequence (O. Nedashkovskaya, personal com- 
munication); consequently, this organism is not considered in this 
chapter. 

The 54 genera are listed in Table 23 and their phylogenetic 
relationships are shown in Figure 26. Phylogenetic analyses 
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TABLE 23. Differential characteristics of genera in the family Flavobacteriaceae*” 


- A = = 
3 -é s 5 Š 
Ë = = E Ë i5 s = = Ei 
E i S 3 € es P o E a ~= e Š% 5 & A 
E: 3 T E Š p o > s š = E = 2 E E = 
E š Š Š E E š š 3 ET š E š E: E E = š 
- Š = E š š B 3 $e 8 E 3 E E E El SOR Š 
Characteristic = << < E < Es] 5 [9l © S S [S] a a u RE = S 
Habitat FL (fe, me, FL (te, S (me) FL (me) FL PorS FL (me) PorS FL FL (fe, P FL(me) FL (me) FL (me) FL (fe, PorS FL FL (me) 
te),SorP me)orS (me) or S (me) me,te),S or S te), S (fe) or S 
orS orS or P or P orS 
Cold or polar d + - - - - d - d - - - - - - - - - 
environment 
Cell morphology Rods or Rods Rods Rods Rods Rods Rods Rods Rods Rods Rods Rods Rodsand  Rodsand Rods Rods Rods Rods; buds 
filaments elongated elongated may be 
rods rods produced 
Spherical cells in d - - - - - - - - - - - - - - - - - 
stationary 
phase 
Production of * (Fand/ + (€) +(F-) +(F) +(O) - +(C) +(F/ +(C) +F _ +C + (F-) + (F-) -—/(+) (F) (+) (F) + (F) + (C) 
yellow pigment or C) nd) 
Gliding motility d - + + d - - * * - - - - - - - - * 
Na‘ or seawater - d * + d - + - + - - + + + - - - d 
requirement 
Optimal growth A/FA (31/4) A FA A A A A A/ A A ME/ A A A A A A FA 
conditions ME/ AN 
AN 
Growth at (^C): 
25 d + + + + + +/(+) nd + + (+) + + + + + + + 
37 _ - - - + + - * d d + _ _ _ + d - - 
42 - - - - d - - nd - - - - - - - - - - 
Acid production from: 
Glucose d - - d - - + d d + nd - - + d - * 
Sucrose d - + - * - - d d - - nd - - - - nd - 
Production of: 
DNase d d - + _ _ d nd d d nd nd nd + + _ —/nd 
Urease d d nd _ d + d d d d* _ _ _ d Ve _ -/V 
Oxidase d _ + + + + + _ + + + - + + + + + +/V 
Catalase +/ (+) + + + + + + d + +/nd + + + + + + + + 
H,S d - - - d - * - - nd nd - - d - nd - 
Indole - nd - - - + _ - d - - - - d + - - 
p-Galactosidase d - * nd * - - d nd d + _ _ - + - - d 
Nitrate reduction d - - - d - - d d d - - - - - - -/V 
Carbohydrate d d + - * - - d nd * + + - - nd d + + 
utilization 
Degradation of: 
Agar d - + - - - - * - - - - - - - - d 
Starch d d * * - - - d * d nd * - * - V (+) d 
Esculin d d nd nd + - d d nd + + - + + + - * + 
Gelatin d + + + d + + d + + - * - - * * - * 
Resistance to d/nd nd + + + _ nd _ + +/nd nd nd - _ +/nd + _ + 
penicillin G 
DNA G+C content 30-41* 38-39 31-33 32-33 37-40 35-37 38-45 36-44 32-36 29-39 35-36 35 38 37 35-38 31-33 38 34-36 


(mol%) 


“Symbols: +, 90% or more of the strains or species are positive; —, 10% or less of the strains or species are positive; (+), 90% or more of the strains or species give a weak 
or delayed positive response; d, 11-89% of the strains or species are positive; V, varies between references; and *, data in these two boxes were erroneously inverted in 
Bernardet et al. (2002). Where optimal growth conditions vary between members of the genus, the different conditions are listed, separated by slashes (the number 
of species that can grow under the corresponding conditions is shown in parentheses for the type genus). Abbreviations: FL, free-living; P, parasitic; S, saprophytic; fe, 
freshwater environment; me, marine environment; te, terrestrial environment; nd, not determined; F, flexirubin-type pigments; F—, pigments that do not belong to the 
flexirubin-type but that have not been further characterized; C, carotenoid-type pigments; A, aerobic growth; ME, microaerobic growth or growth in a CO,-enriched 
atmosphere; FA, facultatively anaerobic growth; and AN, anaerobic growth. 


"The number of species is specified in parentheses after the name of the genus. 
‘A DNA G+C content of 41 mol% has been reported for Flavobacterium saliperosum (Wang et al., 2006). 
“The transfer of Stanierella latercula to the genus Aquimarina has been proposed recently (O. Nedashkovskaya, personal communication). 


Data from Colwell et al. (1966), Lewin (1969), Lewin and Lounsbery (1969), Holmes et al. (1977, 1978, 1984c, 1986b, a), Oyaizu and Komagata (1981), Yabuuchi et al. 
(1983), London et al. (1985), Dees et al. (1986), Bruun and Ursing (1987), McGuire et al. (1987), Bernardet and Grimont (1989), Reichenbach (1989b), Ursing and 
Bruun (1991), Holmes (1992), Dobson et al. (1993), Segers et al. (1993b), Ostland et al. (1994), Vandamme et al. (1994a, b, 1996a, 1999), Yamamoto et al. (1994), 
Bernardet et al. (1996), Vancanneyt et al. (1996, 1999), Bowman et al. (1997, 1998), Hugo (1997), Gosink et al. (1998), McCammon et al. (1998), Johansen et al. 
(1999), Bowman (2000), McCammon and Bowman (2000), Yamaguchi and Yokoe (2000), Barbeyron et al. (2001), Bruns et al. (2001), Humphry et al. (2001), Ivanova 
et al. (2004, 2001), Suzuki et al. (2001), Bowman and Nichols (2002), Macián et al. (2002), Sakai et al. (2002), Cho and Giovannoni (2003, 2004), Hugo et al. (2003), 
Kämpfer et al. (2003), Li et al. (20032), Nedashkovskaya et al. (2003a-c, 2004b, c, 2005a, c—f, h, i, 2006d, g), Tamaki et al. (2003), Zhu et al. (2003), Kim et al. (2004, 
2005a, b), Sohn et al. (2004), Van Trappen et al. (2004a, b, 2005), Aslam et al. (2005), de Beer et al. (2005), Bowman and Nichols (2005), Jung et al. (2005), Lau et al. 
(2005a-c, 2006), Mancuso Nichols et al. (2005), Shen et al. (2005), Shimomura et al. (2005), Yi et al. (2005a, b), Yoon et al. (2005a-d, 2006b, c), Young et al. (2005), 
Khan et al. (20062), O'Sullivan et al. (2006), Park et al. (2006b), Wang et al. (2006), J.-F. Bernardet (unpublished results), J.P. Bowman (personal communication), and 
O. Nedashkovskaya (personal communication). 
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TABLE 23. (Continued) 
& = 
= = D š P š 
Lest F = Ed > > — * 
t B š € a | $ 3 i & 3 & Š E 
z E s = = E * * E = * " È s€ E 
E 3 E E š = E Ë š E E š £ š 
= $3 = S S E S =| = = = Š = E 
Characteristic = 8 8 x i E 4 - = = = = z ° Š 
Habitat FL (me) FL FL FL FL FL FL FL FL (me) S (me) FL FL FL FL (me) PorS S(me) S (me) P 
or S (me) (me) (me) (me) (me) (fe) (me) or S (me) (me) (me) 
or S or S or S S, or P orS orS orS 
Cold or polar - - - d d - - - - * d - - - - - + - 
environment 
Cell morphology Rods Rods Rods Rodsor Rods Rods Rods Rods Rods Straight Rods Rods Rods Rods Rods Rods Rodswith Plump 
filaments or slightly with tapered rods 
curved append- ends 
rods ages 
Spherical cells in - _ - * - - - - - - - - - - - - - - 
stationary 
phase 
Production of + +(F-) +(C) +(C) +(F-) +(C) +(nd) +(C) +(C) +(F) +(F-) +(F-) d(F-) +(F-) +(F) +(F-) +(F-) _ 
yellow pigment 
Gliding motility - * * * - * - - nd - * + - - - - + - 
Na* or seawater + + + d d + - + + + - + + + - + + _ 
requirement 
Optimal growth A FA A A A A A A A A A A A A/FA A A A A/ME/ 
conditions AN 
Growth at (°C): 
25 + + + + d + + + + + + + + + + + + - 
37 nd + d _ d + + - - +/d - - + + - + 
42 nd - - - - - d - - - - - - - - * - + 
Acid production from: 
Glucose + d nd + d d - - - - - d - - - + d 
Sucrose _ d - +/nd +/nd d nd nd nd - d d - - * nd - 
Production of: 
DNase nd nd nd d d d nd nd + _ _ d - nd + + - - 
Urease * - - d d - d - - - - - - + - - + 
Oxidase + + + - + + + + + - + + + + + + + + 
Catalase + + + + + + + - * * * + + + + + + - 
H,S nd - - - - - - - nd - - - + - nd - - - 
Indole - nd - - - - * - - - - - - - - - - - 
p-Galactosidase - - - d - d - - + - * d - nd - - - t 
Nitrate reduction - + _ _ d - d * - - -/V d - - - - - - 
Carbohydrate nd * + + d + + + + + + + _ + - * + + 
utilization 
Degradation of: 
Agar nd - - - - - - - - - -/V d - - - - - - 
Starch - * * d d + _ + - - * d - - - * - nd 
Esculin + + + + d +/nd + _ + _ + +/nd nd + _ _ _ _ 
Gelatin + - nd d d + + + + + + d + - * * * - 
Resistance to nd _ _ nd +/nd —/nd nd nd nd nd d/nd + + nd nd _ nd d 
penicillin G 
DNA G+C content 32 35 36 37-42 32-39 40 41-42 34 33-39 37 35-38 35-39 32-34 41-45 30-38 34 49 37-39 


(mol%) 


comparing the sequences of the 16S rRNA and DNA gyrase B 
subunit (gyrB) genes (Bernardet and Nakagawa, 2006; Suzuki 
et al., 2001) have resulted in very similar trees showing a clear 
delineation of the family within the phylum Bacteroidetes. The 
family comprises two separate, well-defined clades; one clade 
includes the genera Weeksella, Empedobacter, Elizabethkingia, Chry- 
seobacterium, Riemerella, and several allied genera, whereas all 
other genera are grouped in the other clade (Figure 26). This 
dual structure could be the basis for a future splitting of the 
family, providing clear differential features are found between 
members of the two clades. When the distribution of significant 
traits (e.g., pathogenicity for humans and animals; ability to 
grow under microaerobic, facultatively anaerobic or anaerobic 
conditions; halophilic and/or psychrophilic growth conditions; 
presence of yellow pigment) among the phylogenetic tree 
is evaluated, it appears that all members of the smaller clade 


(i.e., Weeksella, Riemerella, etc.) are devoid of gliding motility and 
unable to grow under halophilic (except some Chryseobacterium 
species) or psychrophilic (except members of the genus Sejon- 
gia) conditions. This clade also comprises most of the nonpig- 
mented and pathogenic members of the family Flavobacteriaceae. 
Conversely, most members of the other, larger *marine clade" 
(Bowman, 2006; Bowman and Nichols, 2005) are halotolerant 
to halophilic, about half of them display gliding motility, and a 
third are psychrophilic. 

Although most members of the family do comply with the the- 
oretical threshold value of 97% 16S rRNA gene sequence similar- 
ity below which two bacterial strains belong to different species 
(i.e., they share less than 70% DNA similarity) (Stackebrandt 
and Goebel, 1994), there are examples where members of dif- 
ferent species actually share up to 98-99% sequence similarity 
(Bowman, 2000; Li et al., 2003a; Vandamme et al., 1996a). 
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TABLE 23. (Continued) 
a a = 
E E = = = x = š j^ 
x z 2 a ri š š E š = = — 8 
* š £ Š E ES & E š š S š š š & š 
Characteristic & & = È š Š b E E 2 S 5 E Ë = N 
Habitat FL FL FL FL (me) P FL (me) FL (me) FL (te) FL S (me) FL (te) FL (te) FL FL FL Pors S FL 
(me) (me) (me) orS orS (me) orS orS (me), (me) (me) (me) (me) 
orS orS orS SorP orS orS orS 
Cold or polar - * d * - - d + _ _ + + - - - - - - 
environment 
Cell morphology Rods Rods, Rods, Ring Rods Rods Rods Rods Rods  Rodsin Cocco- Rods  Rodsor Rods Rods Rods Rods Rods 
filaments, filaments, shaped, chains bacilli filaments 
or coils; or coils helical 
gas or coiled 
vesicles cells 
Spherical cells in _ + d + _ + _ - - - - * +/ (+) _ _ _ _ _ 
stationary 
phase 
Production of +(F) +(C/nd) +(O) + (C) _ + (C) +(F-) +(F-) +(C) +(F-) + (F-) +(F-) +/+) +(F) +(F) _ +(F-) +(F) 
yellow pigment (C/F-) 
Gliding motility - - d - - - - - - * * + + - - - * 
Na’ or seawater + + + + - + d - * * * + d _ - - * 
requirement 
Optimal growth A A A A  A/ME/ A A A A A A A A A A A A A 
conditions AN 
Growth at (°C): 
25 nd - d - d + + + + + _ (+)/— + + + + + + 
37 - - d - + + d - - - - - d - + + d d 
42 = = d = + + - - - - - - - - + + d q 
Acid production from: 
Glucose _ + d _ + _ d + - - - _ —/nd nd _ _ d d 
Sucrose nd d d _ _ nd d _ - - nd nd —/nd nd _ _ d d 
Production of: 
DNase nd nd d - nd - d + + - - d + - + - d d 
Urease - - d - d - - - - - - - —/nd - _ - - - 
Oxidase - d d - * * * * * nd nd * + + + + + 
Catalase _ +/ (+) + + + + + + _ (+) + + + + + + + + 
H,S nd _ -/nd _ —/nd nd + _ + _ - - —/nd - - - d - 
Indole - _ -/nd _ d - - + nd - - - nd - _ + _ _ 
B-Galactosidase nd d _ d _ + + _ V + _ _ nd _ _ _ _ + 
Nitrate reduction - - d - - - d - V - - - d * - - - + 
Carbohydrate - + + - * + + - + + - + d - + - d + 
utilization 
Degradation of: 
Agar - - - - - - - - * - - - - - - - d * 
Starch - +/ (+) + _ nd + + + + + _ d d _ _ - d d 
Esculin - d d - d + + + nd nd d + - nd nd - nd + 
Gelatin d d d + - * * + + + + + + + + + + 
Resistance to nd nd nd _ _ _ nd + - nd nd —/nd + + _ d d 
penicillin G 
DNA G+C content 35 31-34 32-39 27-29 29-37 55-56 37-38 34-36 34 41 35 39-40 30-35 36-38 41 37-38 33-36 36-43 
(mol%) 
Habitat 


As shown in Table 23, flavobacteria may be free-living (in 
freshwater, marine, or terrestrial environments), saprophytic, 
or parasitic. Recent surveys of bacterial communities in vari- 
ous environments [reviewed by Jooste and Hugo (1999) and 
Bernardet and Nakagawa (2006)] using culture-dependent or 
-independent methods have revealed many members of the 
family Flavobacteriaceae. They seem to be particularly abundant 
in marine, mostly polar environments (Abell and Bowman, 
2005; Bano and Hollibaugh, 2002; Bowman, 2006; Kirchman 
et al., 2003; Kópke et al., 2005) where they play an important 
role in the degradation of organic matter (Barbeyron et al., 
2001; Descamps et al., 2006; Elifantz et al, 2005; Humphry 
et al., 2001; Sakai et al., 2002) and in the nutrient turnover 
in oceans (Cottrell and Kirchman, 2000; Pinhassi et al., 1999, 
2004). Many of them are associated with marine phytoplankton 


(Nicolas et al., 2004) and diatoms (Grossart et al., 2005) or 
their detritus (Abell and Bowman, 2005; Pinhassi et al., 2005); 
they represent one of the dominant bacterial groups in the 
sediments of sea-cage salmon farms (Bissett et al., 2006). As a 
consequence, most of the recently described members of the 
family have been retrieved from marine plants and animals, 
seawater, sea ice, or lake water with marine salinity (Barbeyron 
et al., 2001; Bowman, 2005; Bowman and Nichols, 2002, 2005; 
Bruns et al., 2001; Cho and Giovannoni, 2003, 2004; Ivanova 
et al., 2004; Jung et al., 2005; Khan et al., 2006a; Lau et al., 
2005b, c, 2006; Mancuso Nichols et al., 2005; McCammon and 
Bowman, 2000; Nedashkovskaya et al., 2003a, b, c, 2004a, b, 
c, d, 2005a-i; Sakai et al., 2002; Sohn et al., 2004; Van Trappen 
et al., 2003, 2004a, b; Yoon et al., 2005a, 2006b, c). Other habi- 
tats in which flavobacteria occur abundantly and from which new 
taxa have been described include: freshwater and river biofilms 
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(Crump et al., 1999; Manz et al., 1999; Van Trappen et al., 2002) 
and glaciers (Xiang et al., 2005; Zhu et al., 2003); soil (Bodour 
et al., 2003; Bowman and Nichols, 2002; Radianingtyas et al., 
2003; Rosado and Govind, 2003); and food and dairy products 
(Bernardet et al., 2006; Hugo et al., 1999, 2004a, b). A few species 
are also able to infect a variety of plants and animals, as well as 
humans (Bernardet et al., 2006, 2005; Hugo et al., 2004a, b); oth- 
ers are harbored by insects (Campbell et al., 2004; Dugas et al., 
2001; Lysyk et al., 1999) or amoebae (Horn et al., 2001). 


Identification 


Table 23 lists the main differential features of the 54 genera 
currently included in the family Flavobacteriaceae. Additional 
information is provided in the chapters dealing with individ- 
ual genera in this edition. Key characteristics for differentiat- 
ing members of the family are the presence of gliding motility, 
the production and type of yellow pigment, the requirement 
of NaCl or seawater, the temperature range for growth, the 
ability to grow under microaerobic, facultatively anaerobic or 
anaerobic conditions, the presence of a number of enzymic 
activities, and the DNA G+C content (mol%). The emended 
description of the family (Bernardet et al., 2002) is still rele- 
vant since most of the 29 new taxa described since then comply 
with it, although the proportion of halophilic and/or psychro- 
philic organisms has increased and a few facultatively anaero- 
bic organisms have been described (i.e., Algibacter, Formosa, 
Gaetbulibacter, and Muricauda). In contrast to members of the 
family Flavobacteriaceae, those of the closely related family “Blat- 
tabacteriacea£" are unculturable endosymbionts of insects (Clark 
and Kambhampati, 2003). Although the family Cryomorphaceae 
shares a number of phenotypic traits with the family Flavobacte- 
riaceae, the two families are distinctly separate in phylogenetic 
trees (Bowman et al., 2003). The features that distinguish mem- 
bers of the family Flavobacteriaceae from those of related taxa in 
the phylum Bacteroidetes are mostly chemotaxonomic, such as 
the absence of sphingophospholipids (unlike members of the 
family Sphingobacteriaceae, Steyn et al., 1998) and the presence 
of MK-6 as the only or major respiratory quinone (unlike all 
tested members of other families; Hanzawa et al., 1995). The 
conditions in which some of the above-mentioned differential 
properties should preferably be determined have been speci- 
fied previously (Bernardet and Nakagawa, 2006; Bernardet 
et al., 2002). Various commercial identification galleries, strips, 
or plates may be used for the identification of members of the 
family Flavobacteriaceae. Many of them, however, cannot grow at 
incubation temperatures recommended by the manufacturers. 
Therefore, growth conditions must be adapted to the organ- 
isms studied and results must be interpreted carefully. 


Candidatus genera 


An intraerythrocytic bacterium infecting several frog species 
and transmitted by a leech feeding on frogs has recently been 
allocated to the family Flavobacteriaceae following analysis of its 
16S rRNA and gyrB gene sequences (Zhang and Rikihisa, 2004). 
Initially assumed to be related to Aegyptianella pullorum (family 
Ehrlichiaceae, order Richettsiales), which causes similar infections 
in bird species, the new organism was designated “Aegyptianella 
ranarum". However, BLAsT searches showed that its closest 
relative was Elizabethkingia meningoseptica (previously Chryseobac- 
terium meningosepticum) and that it made a clade with Weeksella 
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virosa and Bergeyella zoohelcum in phylogenetic trees based on 
16S rRNA and gyrB genes, respectively. Interestingly, Elizabeth- 
kingia meningoseptica has also been reported to be responsible 
for outbreaks of hemorrhagic septicemia in frogs (Bernardet 
et al., 2005 and references therein). Since no cultivation of the 
organism could be achieved, it was described as "Candidatus 
Hemobacterium ranarum" and brief genus and species descrip- 
tions were published, although not in the International Journal 
of Systematic and Evolutionary Microbiology (Zhang and Rikihisa, 
2004). Members of the genus “Hemobacterium” are nonmotile 
and nonculturable Gram-stain-negative rods that grow inside 
red blood cells. Cells of * Candidatus Hemobacterium ranarum" 
grow in membrane-bound inclusions in frog erythrocytes; the 
type strain is "Toronto" and accession numbers for the 16S 
rRNA and gyrB gene sequences are AY208995 and AY208996, 
respectively. 


Recently published genera 


Since the submission and review ofthe family chapter, the follow- 
ing new genera have been added to the family Flavobacteriaceae 
and their names have been validly published in the International 
Journal of Systematic and Evolutionary Microbiology: Actibacter (Kim 
et al, 2008), Aestuariicola (Yoon et al., 2008), Cloacibacterium 
(Allen et al., 2006), Costertonia (Kwon et al., 2006b), Croceitalea 
(Lee et al., 2008), Eudoraea (Alain et al., 2008), Flagellimonas 
(Bae et al., 2007), Flaviramulus (Einen and Øvreås, 2006), Ful- 
vibacter (Khan et al., 2008), Galbibacter (Khan et al., 2007b), Gil- 
vibacler (Khan et al., 20072), Jejuia (Lee et al., 2009), Joostella 
(Quan et al., 2008), Kriegella (Nedashkovskaya et al., 2008), Lep- 
tobacterium (Mitra et al., 2009), Lutaonella (Arun et al., 2009), 
Lutibacter (Choi and Cho, 2006), Lutimonas (Yang et al., 2007), 
Mariniflexile (Nedashkovskaya et al., 2006a), Marixanthomonas 
(Romanenko et al., 2007), Mesoflavibacter (Asker et al., 2007b), 
Planobacterium (Peng et al., 2009), Pseudozobellia (Nedashkovs- 
kaya et al., 2009), Salinimicrobium (Lim et al., 2008), Sandaraki- 
notalea (Khan et al., 2006c), Sediminibacter (Khan et al., 2007a), 
Sediminicola (Khan et al., 2006b), Tamlana (Lee, 2007), Wauter- 
siella (Kämpfer et al., 2006), Yeosuana (Kwon et al., 20062), Zeax- 
anthinibacter (Asker et al., 2007a), Zhouia (Liu et al., 2006), and 
Zunongwangia corrig (Qin et al., 2007). 

Descriptions of  Cloacibacteriwm, | Costertonia, Flaviramulus, 
Lutibacter, Mariniflexile, Sandarakinotalea, Sediminicola, Wauter- 
siella, Yeosuana, and Zhouia are given below. In addition, the 
genera Gaetbulimicrobium and Stanierella have been transeferred 
to Aquimarina (Nedashkovskaya et al., 2006f). 
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Further reading 


Website of the International Committee on Systematics of 
Prokaryotes (ICSP) Subcommittee on the Taxonomy of 
Flavobacterium and Cytophagadike Bacteria (http:/ /www.the- 
icsp.org/subcoms/Flavobacterium, Cytophaga.htm). 
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Mesonia algae (AF536383) 
Salegentibacter salegens (M92279) 
Gramella echinicola (AY608409) 
Gillisia limnaea (AJ440991) 
Psychroflexus torquis (U85881) 
Stanierella (Aquimarina) latercula (M58769) 
Aquimarina muelleri (AY608406) 
Gaetbulimicrobium brevivitae (AY987367) 
Kordia algicida (AY 195836) 
Krokinobacter genikus (AB198086) 
Dokdonia donghaensis (DQ003276) 
Cellulophaga lytica (M62796) 
Persicivirga xylanidelens (AF493688) 
Donghaeana dokdonensis (DQ017065) 
Nonlabens tegetincola (AY 987349) 
Stenothermobacter spongiae (DQ064789) 
Robiginitalea biformata (AY424899) 
Muricauda ruestringensis (AF218782) 
Maribacter sedimenticola (AY271623) 
Zobellia galactanivorans (AF208293) 
Arenibacter latericius (AF052742) 
Aequorivita antarctica (AY027802) 
Vitellibacter vladivostokensis (AB071382) 
Croceibacter atlanticus (AY 163576) 
Psychroserpens burtonensis (U62913) 
Olleya marilimosa (AY586527) 
Lacinutrix copepodicola (AY694001) 
Algibacter lectus (AY 187689) 


Winogradskyella thalassocola (AY521223) 
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Gaetbulibacter saemankumensis (AY883937) 
Bizionia paragorgiae (AY651070) 
Formosa algae (AY228461) 
Gelidibacter algens (U62914) 
Subsaxibacter broadyi (AY694000) 
Subsaximicrobium wynnwilliamsii (AY693997) 
Ulvibacter litoralis (AY243096) 
Leeuwenhoekiella marinoflava (M58770) 
Coenonia anatina (Y17612) 
Capnocytophaga ochracea (U41350) 
Flavobacterium aquatile (M62797) 
Tenacibaculum maritimum (AB078057) 
Polaribacter filamentus (U73726) 
"Fucobacter marina" (AB057592) 
Myroides odoratus (M58777) 
829 Kaistella koreensis (AY294611) 


914 “Haloanella gallinarun’ (AB035150) 


1000 
671 


1000 
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Sejongia antarctica (AY553293) 
Epilithonimonas tenax (AF493696) 
Chryseobacterium gleum (M58772) 
Riemerella anatipestifer (U60101) 


866 Bergeyella zoohelcum (M93153) 
“Candidatus Hemobacterium ranarum” (AY208995) 


Elizabethkingia meningoseptica (AJ704540) 
Ornithobacterium rhinotracheale (U87101) 
Empedobacter brevis (M59052) 
Weeksella virosa (M93152) 


FIGURE 26. Phylogenetic relationships among representatives of the family Flavobacteriaceae based on comparisons 
of 16S rRNA gene sequences using the neighborjoining method (Saitou and Nei, 1987). All genera in the phylum 
with validly published names are represented by the sequence of the type strain (except Empedobacter brevis) of their 
type species. Invalid taxa which 16S rRNA gene sequence is available have also been included for information; 
their names are in quotation marks. Accession numbers for the sequences are given in parentheses. Bar = 0.02 
K „ (Kimura, 1980). Numbers on the branches represent the confidence limits estimated by a bootstrap analysis 
(Felsenstein, 1985) of 1000 replicates; confidence limits less than 50% are not shown. Sequences were aligned 
using the CLUSTAL w version 1.8 software package (Thompson et al., 1994). The alignments were modified manu- 
ally against the 16S rRNA gene secondary structure of Escherichia coli (Gutell et al., 1985). Positions at which the 
secondary structures varied in the strains (positions 66-104, 143-220, 447—487, 841-845, 991-1045, 1134-1140, and 
1446-1456; Escherichia coli numbering system) and all sites that were not determined in any sequence were excluded 
from the analysis. Agrobacterium tumefaciens, Bacillus subtilis, and Escherichia coli were used as outgroups. 
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Genus |. Flavobacterium Bergey, Harrison, Breed, Hammer and Huntoon 1923, 97^ emend. Bernardet, 
Segers, Vancanneyt, Berthe, Kersters and Vandamme 1996, 139 


JEAN-FRANÇOIS BERNARDET AND JOHN P. BOWMAN 


Fla.vo.bac.te'ri.um. L. adj. flavus yellow; L. neut. n. bacterium a rod or staff and, in biology, a bacterium 
(so called because the first ones observed were rod-shaped); N.L. neut. n. Flavobacterium a yellow 


bacterium. 


Straight or slightly curved, single rods with rounded or slightly 
tapered ends typically about 0.3-0.5 pm in diameter and vari- 
able in length, often 2-5 pm; shorter (1 pm) or filamentous 
(10-40 pm) cells and pleomorphism also occur. The longer 
rods are flexible. Do not form endospores. Several species pro- 
duce spherical degenerative forms (spheroplasts) in stationary 
growth phase. Nonmotile or motile by gliding. Flagella have 
not been reported. Colonies are pale to bright yellow due to 
the production of nondiffusible, nonfluorescent carotenoid 
or flexirubin types of pigments or both. Gram-stain-negative. 
Chemoorganotrophic. Most species are obligately aerobic, hav- 
ing a strictly respiratory type of metabolism with oxygen as the 
terminal electron acceptor. A few species may also grow weakly 
under microaerobic to anaerobic conditions. About half of the 
species are able to reduce nitrate to nitrite, but only one spe- 
cies is able to carry out complete denitrification. The optimum 
growth temperature range is 20-30*C for most temperate spe- 
cies and 15-20^C for most cold-living species. Most species grow 
readily on nutrient and tryptic soy agars; no growth factors are 
required. Most species also grow on media containing up to 
2-4% NaCl. Usually positive for catalase and oxidase. About 
half of the species are able to oxidize carbohydrates. Esculin 
and starch are hydrolyzed by most species, but agar and car- 
boxymethylcellulose are hydrolyzed by only a few species. 
Strong proteolytic activity occurs. Menaquinone MK-6 is the 
only or predominant respiratory quinone. Predominant cel- 
lular fatty acids are Ciso Ciso 180, Ciz iso 3-OH, C 
Ci; 0966 C,., iso , Cigo iso 3-OH, and C 


151 G? 160 17:0 iso 3-OH, as well as 
Cz iso 2-OH and/or C o7c and/or Cigi @7t. Sphingophos- 
pholipids are absent in all tested species. Homospermidine is 
the major polyamine in all tested species. Occur in soil and in 
freshwater, marine, or saline environments in warm, temperate, 
or polar locations. Three species are pathogenic for freshwater 
fish and three others have occasionally been isolated from dis- 
eased freshwater fish. 

DNA G+C content (mol % ): 30-41. 

Type species: Flavobacterium aquatile (Frankland and Frank- 
land 1889) Bergey, Harrison, Breed, Hammer and Huntoon 
1923, 100 (Bacillus aquatilis Frankland and Frankland 1889, 
381) (not Flavobacterium antarcticum as erroneously printed in 
Bernardet and Bowman, 2006). 


iso anteiso, 


Further descriptive information 


Phylogenetic position. Sequence analysis of 16S rRNA and 
DNA gyrase large subunit genes has shown that the genus Fla- 
vobacterium is a member (and the type genus) of the family Fla- 
vobacteriaceae, order Flavobacteriales ord. nov., class Flavobacteriia, 
phylum Bacteroidetes [previously the Cytophaga-Flexibacter- Bacte- 
roides or Cytophaga-Flavobacterium-Bacteroides (CFB) group]. 
Together with about 50 other genera, it belongs to the larger 
of the two well-defined clades in the phylogenetic tree of the 
family, where it occupies a rather separate and deep position 
(see Figure 27 in the treatment of the family Mavobacteriaceae). 


This clade contains most of the halophilic/halotolerant mem- 
bers of the family and most of its psychrophilic/psychrotolerant 
members. Most organisms in the clade are yellow-pigmented 
and about half of them display gliding motility. 

Data on 165 rRNA gene sequencing, DNA-DNA hybridiza- 
tion, and DNA G+C content in the genus Flavobacterium have 
been reviewed recently (Bernardet and Bowman, 2006) and 
will not be expounded further here. It is, however, necessary 
to stress the fact that high levels of 16S rRNA gene sequence 
similarity (i.e., 97.5-98.9%) have been reported between some 
Flavobacterium species (Cousin et al., 2007; Park et al., 2007; 
Van Trappen et al., 2004b, 2005; Yi and Chun, 2006; Zdanowski 
et al, 2004). Hence, DNA-DNA hybridization experiments 
may reveal novel species even when such similarity values are 
observed. For instance, two novel Antarctic isolates sharing 
nearly 99% 16S rRNA gene sequence similarity were shown to 
display only 34% DNA relatedness and the presence of several 
differentiating phenotypic features allowed the description of 
two novel species, Flavobacterium weaverense and Flavobacterium 
segetis (Yi and Chun, 2006). Similarly, the type (and so far only) 
strain of Flavobacterium glaciei shared 97.2-97.9% 16S rRNA 
gene sequence similarity with the type strains of Flavobacterium 
succinicans, Flavobacterium granuli, and Flavobacterium hydatis, but 
its DNA relatedness values with these three organisms were only 
48, 44, and 42%, respectively (Zhang et al., 2006). At the time of 
writing, the genus Flavobacterium comprised 40 species with val- 
idly published names (Tables 24). Four additional species have 
unequivocally been shown not to belong to the genus, although 
they have not yet been assigned to other or new genera (see the 
List of species, below). 


Cell morphology. Cells of Flavobacterium strains are usually 
single, straight, or slightly curved (e.g., Flavobacterium croceum; 
Park et al., 2006a) rods with rounded or slightly tapered ends. 
Chains of 3-4 cells, sometimes connected by cellular bridges, 
have been reported in Flavobacterium denitrificans. Cells are typi- 
cally about 0.3-0.5 pm in diameter and 2-5 pm in length, but 
pleomorphism occurs frequently. Rods of about 1 jim long have 
been reported in some species and filamentous, flexible cells of 
10-40 pm also occur. The size of bacterial cells may decrease dur- 
ing the stationary phase, as reported in Flavobacteriwm weaverense 
(Yi and Chun, 2006). Rods of Flavobacterium defluvii form char- 
acteristic knars (Park et al., 2007). Endospores are not formed. 
The presence of spherical degenerative forms (spheroplasts) in 
ageing liquid cultures has been reported for Flavobacterium aqui- 
durense, Flavobacteriwm branchiophilum, Flavobacterium columnare, 
Flavobacterium denitrificans, Flavobacterium gelidilacus, Flavobac- 
terium hercynium, Flavobacterium hydatis, Flavobacterium indicum, 
Flavobacterium johnsoniae, Flavobacterium omnivorum, Flavobacte- 
rium psychrolimnae, Flavobacterium psychrophilum, Flavobacterium 
saliperosum, and Flavobacterium succinicans (Reichenbach, 1989b; 
Bernardet and Bowman, 2006 and references therein; Cousin 
etal., 2007; J.F. Bernardet, unpublished data) (Table 24). Although 
accurate drawings of Flavobacterium columnare spheroplasts had 
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Myroides odoratus ATCC 4651" (M58777) 
Flavobacterium croceum EMB47! (DQ372982) 
Flavobacterium indicum GPTSA100-9" (AY904351) 
Flavobacterium saliperosum S13! (DQ021903) 
Flavobacterium suncheonense GH29-5! (DQ222428) 
"Flexibacter aurantiacus subsp. excathedrus" IFO 16024 (AB078045) 
100r Flavobacterium columnare ATCC 23463! (AY095432) 
Flavobacterium columnare FK 401 (AB010952) 
Flavobacterium columnare |AM 14820 (AB016515) 
100! FJavobacterium columnare LP 8 (AB015480) 
Flavobacterium columnare IAM 14821 (AB015481) 
100, Flavobacterium gelidilacus LMG 21619 (AJ507151) 
Flavobacterium gelidilacus LMG 21477! (AJ440996) 
Flavobacterium aquatile ATCC 11947! (M62797) 
Flavobacterium psychrophilum IFO 15942" (AB078060) 
Flavobacterium daejeonense GH1-10' (DQ222427) 
Flavobacterium defluvii EMB117" (DQ372986) 
100r—Flavobacterium johnsoniae ATCC 23107 (M62792) 
Flavobacterium johnsoniae DSM 2064" (AM230489) 
Flavobacterium denitrificans ED5' (AJ318907) 
Flavobacterium soli DS-6" (DQ178976) 
100 Flavobacterium antarcticum KCTC 12222" (AY581113) 
100;— Flavobacterium tegetincola A103" (U85887) 
Flavobacterium tegetincola A265 (U85888) 
Flavobacterium flevense ATCC 27944! (M58767) 
100-— Flavobacterium segetis AT1048' (AY581115) 
L——Flavobacterium weaverense AT1042! (AY581114) 
Flavobacterium aquidurense WB 1.1-56' (AM177392) 
Flavobacterium frigidimaris JCM 12218" (AB183888) 
“Sporocytophaga cauliformis’ DSM 3657 (M93151) 
Flavobacterium hercynium WB 4.2-33' (AM265623) 
Flavobacterium saccharophilum NCIMB 2072" (D12671) 
; EAN Flavobacterium pectinovorum NCIMB 9059" (D12669) 
Flavobacterium branchiophilum IFO 15030! (D14017) 
Flavobacterium hibernum ATCC 51468! (L39067) 
s co ed glaciei 0499" (DQ515962) 
Flavobacterium succinicans IFO 14905! (D12763) 
Flavobacterium granuli Kw05! (AB180738) 
Flavobacterium hydatis ATCC 29551" (M58764) 
100, Flavobacterium degerlachei LMG 21474 (AJ441005) 
Flavobacterium degerlachei LMG 21915 (AJ557886) 
Flavobacterium gillisiae C001" (U85889) 
Flavobacterium frigoris LMG 21922" (AJ557887) 
Flavobacterium frigoris LMG 21471 (AJ440988) 
Flavobacterium xinjiangensis AS 1.2749" (AF433173) 
Flavobacterium frigidarium ATCC 7008107 (AF162266) 
L— Flavobacterium fryxellicola LMG 22022" (AJ811961) 
Flavobacterium omnivorum AS 1.2747! (AF433174) 
Flavobacterium xanthum ACAM 817 (AF030380) 
Flavobacterium xanthum R-9010 (AJ601392) 
100, Flavobacterium limicola ST-82" (AB075230) 
T! Flavobacterium limicola ST-10 (AB075231) 
Flavobacterium limicola ST-92 (AB075232) 
Flavobacterium psychrolimnae LMG 22018! (AJ585428) 
100! Flavobacterium psychrolimnae LMG 22020 (AJ585427) 


Flavobacterium micromati LMG 21919" (AJ557888) 


0.01 


FIGURE 27.  Maximundikelihood distance phylogenetic tree created by the neighbor-joining procedure (Saitou and 
Nei, 1987) based on nearly complete 16S rRNA gene sequences of members of the genus Flavobacterium. Myroides 
odoratus was used as the outgroup. Bootstrap values >50% are indicated at nodes. Bar = maximum-likelihood distance. 
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TABLE 25. Fatty acid composition (%) of Flavobacterium species*” 
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F aquatile E aquidurense T: antarcticum E branchiophilum T: columnare 


E. croceum 


E daejeonense 


No. of strains tested 1 5 1 7 5 
Culture conditions: mShieh, 48 h, 25°C NA R2A, 5 d, 15°C mShieh, 48 h, mShieh, 48 h, 25°C 
25°C 
Temperate/polar/warm T T P T T 
environment 
Procedure GLC MIDI MIDI GLC GLC 
Saturated: 


C,,,, 6c 9 7 2 8 
C, o5¢ 
o7c 


Ciz 6c 4 6 5 
Ciz o8¢ 1 
C. 05c 1 
Branched-chain: 
C sg iso 1 2 
Ciso iso 1 3 
Cso iso 3-OH 
C. iso 22 15 16 22 39 
Cso iso 2-OH 
Cso iso 3-OH 7 8 6 14 9 
C, anteiso 2 3 7 3 1 
C, anteiso 3-OH 
C,,., iso* 
C,,,, anteiso 
C,,,, anteiso A 3 
Cs iso G? 9 6 
C,,,, iso @10c* 
C,,,, anteiso @10c 
Cso iso 2 1 4 2 
C 


Ziso anteiso 
C 


Aj, 80 9-OH 
Ci iso? 

Cis iso G? 
Cea iso H° 2 3 
C, iso o6c 


11 15 


= 
[ 


Ü 
m 
o 
m 
vo 


€; 0 iso 
C,,9 iso HOH 7 12 3 6 12 
C, iso o9c 
C, anteiso 
C,, anteiso 3-OH 
cyclo-C,., 07,8c 
Cya iso 
C,,, iso o5c 
C,,,, iso o7c 
C,,, iso o9c 5 8 2 8 
Cy, anteiso 
C,,,, anteiso o5c 
Ciz anteiso o9c 1 
C,,,, anteiso B/I 
Hydroxy: 
Cus 3-OH 
Ciso 20H 1 
Ciso 9-OH 2 3 2 
Ciso 2-OH 
Ciso 9-OH 2 2 2 
C,,, 20H 1 
C, 3-OH 1 
Summed features: 
C,., iso I and/or 


“16:1 
C,,, 3-OH" 


“14:0 ~ 
Ciso iso 2-OH and/or C,,, oTe 4 12 11 5 
and/or C,., 071 
C,,, iso I and/or C,,, anteiso B“ 
Unknowns 
ECL 13.566 1 
ECL 16.582 1 
ECL unspecified 


O wom 


12 


17 


N 


1 
R2A, 48 h, 28°C 


MIDI 


11 
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TABLE 25. (Continued) 


FAMILY I. FLAVOBACTERIACEAE 


E defluvii 


E degerlachei 


E denitrificans 


E flevense 


E frigidarium E frigidimaris E frigoris 


No. of strains tested 
Culture conditions: 
Temperate/polar/warm environment 
Procedure 
Saturated: 

C 


“1420 


C 


“15:0 


C 


“16:0 


C 


“18:0 
Unsaturated: 


Ciz o8¢ 
ti 

Csa O5¢ 
Branched-chain: 


€, 0 150 
C, 0 iso 
C,,, iso 3-OH 


“14:0 
€, 0 iso 

Css iso 2-OH 

Cs iso 3-OH 
C, anteiso 

C; anteiso 3-OH 
Csu iso* 

C, anteiso 

C,,, anteiso A 

Cs iso G? 

C,,,, iso 10c* 
C,,, anteiso @10c 
G. iso 

Ciso anteiso 


C, iso 3-OH 


C, iso 6c 
Ci, 150 
Ci iso 3-OH 
Czo iso o9c 
C, anteiso 

7:0 
C, anteiso 3-OH 
cyclo-C,.., 07,8¢ 
C,,, iso 
C, iso o5c 
Cza iso 07c 
C,,, iso 9c 
C,,,, anteiso 

71 
Cz anteiso o5c 
Ciz anteiso o9c 
Cz anteiso B/I 

Hydroxy: 


Summed features:® 
C,,,, iso I and/or C,,, 3-OH" 
Cso iso 2-OH and/or C,,, @7¢ 
and/or C,., [ovr 
Cz, iso I and/or C,,, anteiso B? 
Unknown 
ECL 13.566 
ECL 16.582 


ECL unspecified 


13 


or 


10 


14 


R2A, 20°C 


P 


MIDI 


11 


10 


or 


MIDI 


22 


o 


11 


14 


11 


1 


mShieh, 48 h, 25°C 


GLC 


15 


10 


18 


1 1 19 


XMM, 15°C CY, 24 h, 20°C R2A, 20°C 


P P P 


GC-MS GC-MS MIDI 


10 7 


uo QU No 


14 


44 
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E fryxellicola 


E gelidilacus E gillisiae E glaciei 


E granuli 


E hercynium 


E hibernum 


No. of strains tested 
Culture conditions: 
Temperate/polar/warm environment 
Procedure 
Saturated: 

C 


“1420 


C 


“15:0 


C 


“16:0 


C 


“18:0 
Unsaturated: 


Ciz o8¢ 
ti 

Csa O5¢ 
Branched-chain: 


€, 0 150 
C, 0 iso 
C,,, iso 3-OH 


“14:0 
€, 0 iso 

Css iso 2-OH 

Cs iso 3-OH 
C, anteiso 

C; anteiso 3-OH 
Csu iso* 

C, anteiso 

C,,, anteiso A 

Cs iso G? 

C,,,, iso 10c* 
C,,, anteiso @10c 
C, iso 

Ciso anteiso 


C, iso 9-OH 


C, iso 6c 
Ci, iso 
Ci iso OH 
Czo iso o9c 
C, anteiso 
C, anteiso 3-OH 
cyclo-C,.., 07,8¢ 
C,,, iso 
Cza iso o5c 
C, iso 07c 
C,,, iso o9c 
Cz anteiso 
Cz anteiso o5c 
Ciz anteiso o9c 
Ci anteiso B/I 
Hydroxy: 


Summed features 
C,,,, iso I and/or C,,, 3-OH" 
Cso iso 2-OH and/or C,,, @7¢ 
and/or C,., [ovr 
C,,, iso I and/or C,,, anteiso B? 
Unknown! 
ECL 13.566 
ECL 16.582 


ECL unspecified 


3 


R2A, 20°C 


P 
MIDI 


ex 


ex 


14 


22 1 1 
R2A, 20°C TSA, 2 d, 20°C mPYG, 3 d, 21°C 
P P P 
MIDI GC-MS MIDI 


10 » 14 


o 
N 
N 
[ 


6 10 5 
8 6 


° 


ROG 


10 1 3 


o 
= 
e 


1 
TSA, 2 d, 30°C 
T 
MIDI 


= — cx 


or 


11 


5 


NA 


23 


26 


2 
MM, 25°C 
P 
GC-MS 


19 


20 


= —= 
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TABLE 25. (Continued) 


FAMILY |. FLAVOBACTERIACEAE 


F hydatis 


F indicum 


E. johnsoniae 


E limicola 


T: micromati 


F. omnivorum E pectinovorum 


No. of strains tested 1 
Culture conditions: 
Temperate/polar/warm environment T 


Procedure GLC 


Saturated: 
C 


“14:0 
€, 0 10 
C 16:0 1 
C, 0 

Unsaturated: 


n 
€ 

S 
o 


C,,, @8c 
Csa O5¢ 
Branched-chain: 
€, 0 iso 
C, iso 1 
Cso iso 3-OH 
C, iso 18 
Cso iso 2-OH 
Cs iso 3-OH 9 
C, anteiso 
Cs anteiso 3-OH 
Csu iso* 
C,,,, anteiso 
C,,, anteiso A 
Cs iso G? 4 
C,,,, iso @10c* 
C,,,, anteiso @10c¢ 
Cio iso 2 
Ciso anteiso 


Ciso iso 3-OH 7 


Cu iso 6c 

Ci, iso 

Cz iso 3-OH 8 
Czo iso 9c 

C, anteiso 

C, anteiso 3-OH 

cyclo-C,.., 07,8¢ 

C,,, iso 

C, iso o5c 

Cza iso 07c 

C,,, iso o9c 3 
C,,, anteiso 

Cza anteiso o5c 

C, anteiso o9c 


C, iso 5c 

Cza iso 07c 

C, iso 9c 3 
C,,,, anteiso 

Ciz anteiso o5e 

C,,,, anteiso o9c 

Cua anteiso B/I 


ge 
o 
T 
e 


Summed features: 
C, iso I and/or C,,, 3-OH*" 
Cso iso 2-OH and/or C,,, oTe 13 
and/or C,,, 971* 
C,,, iso I and/or G,,, anteiso Be 
Unknown: 
ECL 13.566 
ECL 16.582 
ECL unspecified 


mShieh, 48 h, 25°C 


1 


mR2A, 24 h, 30°C 


w 


MIDI 


19 


18 


17 


1 


mShieh, 48 h, 25°C 


T 


GLC 


6 


or 


13 


1 


23°C 


T 


GC-MS 


13 


or 


Ore eee eee 


3 


R2A, 20°C 


Ë 


MIDI 


16 


1 1 
PYG, 2d,11°C  mShieh, 48 h, 25°C 
P T 
MIDI GLC 


18 


mi 
[i 


10 2 


QU No Or 


o 


(Continued) 


TABLE 25. (Continued) 


GENUS |. FLAVOBACTERIUM 


125 


E psychrolimnae 


T: psychrophilum F saccharophilum T: saliperosum 


E segetis 


E soli 


E succinicans 


No. of strains tested 4 
R2A, 20°C 
Temperate/polar/warm environment P 
Procedure MIDI 
Saturated: 


Culture conditions: 


Ci 
Cisa o9c 


Cig cist 


o7c 


Cza @8¢ 
C 


“18:1 
Branched-chain: 


5c 1 


Ciso iso 

Cso iso 4 
Cs iso OH 

Cso iso 7 
C, iso 2-OH 

Cso iso 3-OH 4 
Ciso anteiso 

Cs anteiso 3-OH 
Cs iso* 4 
C, anteiso 

C; anteiso A 

C,,,, iso G? 

C,,,, iso @10c4 

C; anteiso ol0c 

Ciso iso 10 
Ciso anteiso 


C, iso 3-OH 10 


o 


Czo iso 3-OH 4 
C; iso 9c 
C, anteiso 
C, anteiso 3-OH 
cyclo-C,,. 07,8¢ 
Cz iso 
C, iso o5c 
C, iso 07c 
C,,,, iso 9c 4 
C,,,, anteiso 
Ciz anteiso o5e 
C,,,, anteiso 9c 
C... anteiso B/I 
Hydroxy: 
€, 0 3-OH 
C, 0 2-OH 
Ciso OH 1 
Ciso 2-OH 
Giso 3-OH 
Ciro 2-OH 
€, 0 3-OH 
Summed features: 
C,,,, iso I and/or C,,, 3-OH" 
C, iso 2-OH and/or C,,, @7¢and/ 13 
or Cr, 071^ 
C,,, iso I and/or C,,, anteiso Bt 
Unknouon:! 
ECL 13.566 
ECL 16.582 


ECL unspecified 


5 1 1 
mShieh, 48h, 19°C mShieh, 48 h, 25°C mMI, 24h, 25°C 
T T ÜT 

GLC GLC MIDI 


6 9 5 


6 7 


12 7 1 


12 6 19 


1 
R2A, 5 d, 15°C 
P 
MIDI 


or 


oe + 


ex 


11 


14 


1 
TSA, 3 d, 25°C 
T 
MIDI 


12 


10 


2 
mShieh, 48 h, 25°C 
T 
GLC 


12 


11 


ex 


6 
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TABLE 25. (Continued) 


EF. suncheonense E tegetincola F. weaverense F xanthum F. xinjiangense 


No. of strains tested 1 1 1 1 1 
Culture conditions: R2A, 48 h, 28°C TSA, 2 d, 20°C R2A,5 d, 15°C TSA, 2 d, 20°C PYG, 2d, 11°C 
Temperate/polar/warm environment T P P P P 
Procedure MIDI GC-MS MIDI GC-MS MIDI 
Saturated: 


C,,, 7c 18 23 18 
Cisa o9c 


Cig cist 


Cza @8¢ 
C 


Branched chain: 
C, iso 2 
Cso iso 1 
C,,, iso 3-OH 1 
Cigg iso 30 8 3 11 12 


5c 1 


[i 
N 


“14:0 
15:0 
C, iso 2-OH 
Cso iso OH 11 6 
Ciso anteiso 
Cs anteiso 3-OH 


C,,,, iso" 


-5 
A o 
erg 
on 


C, anteiso 

C; anteiso A 1 

C,,,, iso G? 12 3 

C,,,, iso 10c* 9 7 4 
C; anteiso ol0c 6 
C, iso 1 5 9 1 


Ciso anteiso 


G, iso H* 12 


C,,,, iso $OH 18 3 2 5 
C, iso 9c 
Czo anteiso 
Czo anteiso 3-OH 
cyclo-C,,. 07,8¢ 
C,,,, iso 
C, iso o5c 4 3 
C, iso 07c 3 4 
C,,,, iso 9c 8 1 
C,,,, anteiso 
C,,,, anteiso 05c 
C,,,, anteiso o9c 
[on anteiso B/I 
Hydroxy: 


Czo OH 
Summed features:® 
C,,,, iso I and/or C,,, 3-OH* 
Ciso iso 2-OH and/or C,,, 07cand/or 10 6 
C, 1 07r 
C,,, iso I and/or C,,, anteiso p? 
Unknoun:! 
ECL 13.566 
ECL 16.582 1 
ECL unspecified 


“Values are given as percentages of total fatty acids. Fatty acids amounting to less than 1% of the total fatty acids in all strains tested are not included; therefore, 
the percentages do not total 100%. All values are rounded up. When several strains were analyzed, rounded up means are given, but standard deviations are 
not given. 
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TABLE 25. (Continued) 

"Data from: Bernardet et al. (1996), McCammon etal. (1998), McCammon and Bowman (2000), Humphry et al. (2001), Tamaki et al. (2003), Van Trappen etal. (2003, 
2004b, 2005), Zhu et al. (2003), Aslam et al. (2005), Nogi et al. (2005b), Yi et al. (2005a), Kim et al. (2006a), Park et al. (2006a, 2007), Saha and Chakrabarti (2006), 
Wang et al. (2006), Yi and Chun (2006), Yoon et al. (2006d), Zhang et al. (2006), and Cousin et al. (2007). The fatty acid composition of Flavobacterium denitrificans was 
determined by Cousin et al. (2007). 

‘Growth medium, duration, and temperature are specified when available. Abbreviations and compositions of growth media: NA, not available (growth conditions 
unspecified); mShieh, modified Shieh agar (per I: 5.0 g peptone, 1.0 g yeast extract, 10 mg sodium acetate, 10 mg BaCl,-H,O, 0.1 g K,HPO,, 50 mg KH,PO,, 0.3 g 
MgSO,-7H,O, 6.7 mg CaCl,-2H,O, 1.0 mg FeSO,-7H,O, 50 mg NaHCO,, 15.0 g agar; Song et al., 1988); R2A (per I: 0.5 g yeast extract, 0.5 g proteose peptone, 0.5 g 
Casamino acids, 0.5 g glucose, 0.5 g soluble starch, 0.3 g sodium pyruvate, 0.3 g K,HPO,, 0.05 g MgSO,-7H,O, 15.0 g agar; Reasoner and Geldreich, 1985); mR2A, 
modified R2A agar (i.e., containing 0.75 g/l proteose peptone and 0.25 g/l Casamino acids; Saha and Chakrabarti, 2006); XMM, X minimal medium (per I: 0.02 g 
FeSO,, 0.2 g MgSO,, 0.75 g KNO,, 0.5 g K,HPO,, 0.04 g CaCl,, 5.0 g soluble xylan, 15.0 g agar; Humphry et al., 2001); CY (per I: 3.0 g casitone, 1.36 g CaCl,-2H,O, 
1.0 g yeast extract, 15.0 g agar; Nogi et al., 2005b); TSA, tryptic soy agar (per l: 15.0 g pancreatic digest of casein, 5.0 g enzymatic digest of soybean meal, 5.0 g NaCl, 
15.0 g agar); PYG, peptone-yeast extract-glucose agar [per l: 5.0 g polypeptone, 5.0 g tryptone, 10.0 g yeast extract, 10.0 g glucose, 40 ml salt solution, 15.0-20.0 g 
agar. Salt solution (per 1): 0.2 g CaCl,, 0.4 g MgSO, -7H,O, 1.0 g K,HPO,, 1.0 g KH,PO,, 10.0 g NaHCO,, 2.0 g NaCl; Zhu et al., 2003]; mPYG, modified peptone-yeast 
extract-glucose agar (per 1: 5.0 g peptone, 0.2 g yeast extract, 3.0 g beef extract, 5.0 g glucose, 0.5 g NaCl, and 1.5 g MgSO, -7H,O; amount of agar unspecified; Zhang 
et al., 2006); MM, maintenance medium [per I: 1.0 g yeast extract, 5.0 g lactose (filter-sterilized), 0.5 g K,HPO,, 0.5 g (NH,),SO,, 0.55 g NaCl, 15.0 g agar; McCammon 
etal., 1998]; and mM1, modified medium MI [per I: 5.0 g peptone, 0.2 g yeast extract, 2.0 beef extract, 1.0 g NaCl, 12.0 g agar (modified from Weeks, 1955; S.-J. Liu, 


personal communication) ]. 


"Fatty acids that are not fully identified, making their significance unclear. 


‘Fatty acids that could not be separated by GC using the Microbial Identification System (Microbial ID). 


"The identity of the fatty acid is unknown. The equivalent chain length (ECL) is specified when available. 


been published by Garnjobst (1945), these forms have been 
mistaken for microcysts by several authors. Consequently, Fla- 
vobacterium columnare has long been considered a myxobacte- 
rium (Ordal and Rucker, 1944). 

Flagella have not been reported (see Fine structure, below), but 
gliding motility over wet surfaces (such as agar or glass in wet 
mounts) occurs in 18 of the 40 Flavobacterium species (Table 24). 
A speed of approximately 5 pm/s has been reported for cells 
of Flavobacterium johnsoniae (Nelson et al., 2007). Cells typically 
also display the movement accurately described by Reichen- 
bach (1989b): “Often a cell oscillates or rotates in a conical 
orbit with one pole attached and the rest of the cell pointing 
away from the surface." Because this type of bacterial motility 
is only evidenced when special procedures are followed (Ber- 
nardet et al., 2002; Reichenbach, 1989b), it may actually have 
been overlooked in some species. For instance, the presence of 
gliding motility in Flavobacterium aquatile has been a matter of 
debate, as it seems that it only occurs in rather special culture 
conditions [see Taxonomic comments and the List of Species, below, 
as well as Holmes and Owen (1979) and Holmes et al. (1984c) ]. 
Flavobacterium denitrificans was described as a motile organism, 
but the type of motility was not specified (Horn et al., 2005) 
and no motility has been reported in Flavobacterium antarcticum 
(Yi et al, 2005a), Flavobacteriwm degerlachei or Flavobacterium 
frigoris (Van Trappen et al., 2004b), or Flavobacterium indicum 
(Saha and Chakrabarti, 2006). However, cells from fresh broth 
cultures of these five organisms possess distinct gliding motility 
(J.-F. Bernardet, personal observation). 

As repeatedly mentioned, gliding motility seems to be favored 
by growth on nutrient-poor media, such as Anacker and Ordal’s 
(Anacker and Ordal, 1955), and by a high amount of moisture 
on the surface of the agar (Bernardet et al., 2002; McCammon 
et al., 1998; Nogi et al., 2005b; Reichenbach, 1989b; Van Trap- 
pen et al., 2003). In order to explain the mechanisms of glid- 
ing motility, a number of non-gliding mutants of Flavobacterium 
strains, obtained through repeated subcultivation on agar plates 
(Glaser and Pate, 1973; Gorski et al., 1992; Pate, 1988) or treat- 
ment of cultures with nitrosoguanidine (Abbanat et al., 1986; 
Godchaux et al., 1990), has been studied extensively. The latter 


procedure produced mutants of the Flavobacterium johnsoniae 
type strain that were deficient in both gliding motility and sul- 
fonolipid synthesis. Restoration of the sulfonolipids (through 
provision of a specific biosynthetic precursor) also resulted in 
recovery of the ability to glide, demonstrating that sulfonolip- 
ids are specifically required for gliding motility (Abbanat et al., 
1986). The existence of non-gliding mutants with normal lipid 
content indicated, however, that these are not the only mole- 
cules involved. Godchaux et al. (1990) showed that two non- 
gliding mutants of Flavobacterium johnsoniae were deficient in 
the high-molecular-weight (H) fraction of the outer membrane 
polysaccharide. One of the mutants was also deficient in sul- 
fonolipids, but could be cured by provision of the specific pre- 
cursor, a process that also resulted in the return of both the H 
fraction and gliding motility. Hence, the polysaccharide may be 
the component that is directly involved in gliding and the pres- 
ence of sulfonolipids in the outer membrane is necessary for 
the synthesis or accumulation of the polysaccharide (as also sug- 
gested by the fact that the second non-gliding, polysaccharide- 
deficient mutant had normal sulfonolipid content). Recently, 
a mutant of the fish pathogen Flavobacterium psychrophilum that 
was deficient in gliding motility, growth on iron-depleted media, 
and extracellular proteolytic activity has been shown to exhibit 
enhanced biofilm formation and decreased virulence and cyto- 
toxicity; hence, gliding motility and biofilm formation appear 
to be antagonistic properties (Alvarez et al., 2006). Over the last 
few years, a number of non-gliding mutants of Flavobacterium 
johnsoniae obtained through transposon mutagenesis have been 
used to identify several genes involved in gliding motility (see 
Genetics, below). Although some clues have been obtained, the 
molecular mechanisms of gliding in Flavobacterium strains have 
not yet been fully elucidated. 


Cell-wall composition. Although thereis clearand unambig- 
uous evidence that lipids (i.e., polar lipids, quinones, and fatty 
acids) are very useful chemotaxonomic markers in flavobacte- 
ria, difficulties in interpreting published data have hindered 
their exploitation. Table 25 presents the fatty acid composition 
data of members of the genus Flavobacterium. Although some 
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genera in the family Flavobacteriaceae display rather distinct 
fatty acid compositions (Bernardet et al., 2006; Bernardet and 
Nakagawa, 2006; Hugo et al., 1999), it is currently impossible 
to assess whether all Flavobacterium species display overall simi- 
lar fatty acid profiles or species-specific profiles. The main rea- 
son is the considerable heterogeneity in the conditions used 
to grow the different species for fatty acid analysis (Table 25). 
Flavobacterium limicola is a striking example of the influence of 
growth temperature on fatty acid composition (Tamaki et al., 
2003), but growth medium and duration also affect the fatty 
acid profile considerably, as shown by the significantly differ- 
ent profiles of the Mavobacterium xanthum type strain cultivated 
on tryptic soy agar (McCammon and Bowman, 2000) or modi- 
fied Shieh agar (Bernardet et al., 1996). Moreover, different 
analytical procedures have been used to extract and identify 
fatty acids and the resolution of some of them (e.g., the MIDI 
system) has changed over the years, affecting the naming of 
some overlapping peaks and hindering the exact identification 
of some compounds. Hence, a number of the fatty acids listed 
in Table 25 (e.g., C,.., iso, C,,, iso, and C,,, cis) are not fully 
identified and their significance cannot be evaluated. The ten 
species included in the genus Favobacterium at the time when its 
description was emended (Bernardet et al., 1996) were grown 
under the same conditions and their fatty acid compositions 
were determined using the same procedure. The very similar 
profile found in all ten species was one of the arguments for 
delineation of the genus. The various growth conditions used 
for the subsequently described Flavobacterium species now make 
this kind of interpretation impossible. In order to fully exploit 
the chemotaxonomic significance of fatty acids in the genus 
Flavobacterium in the future, all strains compared should be cul- 
tivated under the same conditions and their fatty acid composi- 
tion should be determined using the same procedure. The only 
possible general comment regarding the fatty acid composition 
of Flavobacterium species so far is that all of them contain rather 
high amounts of C,., iso and most of them also contain signifi- 
cant amounts of C5. Cis. iso 3-OH, C; anteiso, C,., 066 C,., 
iso G, C,,,, iso 3-OH, and C., iso 3-OH, as well as C,., iso 2-OH 
and/or C,., @7cand/or C,,, o7t (Table 25). This confirms and 
extends to other Flavobacterium species the opinion of Fautz 
et al. (1981) that the fatty acid profiles of Flavobacterium johnso- 
niae, Flavobacterium hydatis, and Flavobacterium aquatile are domi- 
nated by branched-chain compounds, both non-hydroxylated 
(mainly C; iso) and hydroxylated (C,., iso 3-OH and C, iso 
3-OH). Flavobacteria are interesting in that they produce both 
saturated and unsaturated straight-chain fatty acids and iso/ 
anteiso-branched-chain fatty acids (B. Tindall, personal com- 
munication). 

Divergent opinions have been published regarding the 
specificity of fatty acid profiles in the genus Flavobacterium. 
Recently, fatty acid analysis has been evaluated as an identifi- 
cation method for the fish pathogen Flavobacterium columnare. 
The fatty acid profile shared by all 31 strains studied differed 
significantly from those of the type strains of Flavobacterium 
aquatile, Flavobacterium johnsoniae, Flavobacterium hydatis, and 
Flavobacterium psychrophilum cultivated under the same condi- 
tions (Shoemaker et al., 2005). This study also revealed that 
one of the isolates received as Flavobacterium columnare had 
been misidentified and actually clustered with the Flavobacte- 
rium johnsoniae type strain. When the fatty acid compositions of 
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ten Flavobacterium strains isolated from creek water and their 
closest phylogenetic neighbors were determined in parallel 
and presented as a dendrogram, the novel isolates formed two 
very coherent clusters that could be readily separated from 
the reference strains; these clusters were described as the two 
novel species Flavobacterium aquidurense and. Flavobacterium her- 
cynium (Cousin et al., 2007). Another study, however, showed 
that the fatty acid clusters delineated within a collection of 
polar Flavobacterium isolates did not correspond to the spe- 
cies: for instance, fatty acid cluster 5 included all Flavobacte- 
rium micromati and Flavobacterium frigoris strains as well as some 
Flavobacterium degerlachei strains, whereas the latter species also 
comprised strains belonging to fatty acid cluster 6 (Van Trap- 
pen et al., 2004b). This confirmed that members of the genus 
can differ significantly in their fatty acid composition, even 
when grown under the same conditions. 

Godchaux and Leadbetter (1983) reported on unusual sul- 
fonolipids (capnine and Macylated versions of capnine, collec- 
tively termed capnoids) as significant (ca. 4%) outer membrane 
lipids in Flavobacterium johnsoniae N-acylated capnines rep- 
resented >99% of the total capnoids. These compounds are 
involved in gliding motility (see Cell morphology, above), but they 
cannot be used as chemotaxonomic markers as they also occur 
in representatives of several other genera of gliding bacteria 
in the phylum Bacteroidetes and in other bacterial groups. The 
same authors later reported that ornithine amino lipids repre- 
sent another type of unusual lipids in the outer membrane of 
Flavobacterium johnsoniae (Pitta et al., 1989). The sulfonolipids 
and ornithine lipids are apparently co-regulated, as their total 
amount remains constant at 40% of total cellular lipids regard- 
less of mutations or growth conditions. 

The type (and so far only) strains of Flavobacterium croceum 
and Flavobacterium defluvii are the only new members of the 
genus in which the polar lipid composition has been studied 
(Park et al., 2006a, 2007). Although small amounts of phos- 
phatidylglycerol and phosphatidylcholine were present, phos- 
phatidylethanolamine was the predominant polar lipid of the 
inner membrane, as already reported for Flavobacterium johnso- 
niae (Pitta et al., 1989). Other interesting aspects of the lipids 
in members of the phylum are the significant proportions of 
amino-acid-based lipids and the large amounts of hydroxylated 
fatty acids that are amide-linked rather than esterlinked, con- 
firming the peculiar nature of the polar lipids (B. Tindall, per- 
sonal communication). 

Published data on lipopolysaccharide, capsular polysaccha- 
ride, outer-membrane proteins, and glycopeptides of the fish- 
pathogenic Flavobacterium species, as well as on their antigenic 
properties and role in virulence, have been reviewed by Bernar- 
det and Bowman (2006). Some of these components induce a 
high titer of protective antibodies and could represent targets 
for vaccines in the future (Dumetz et al., 2006). 


Fine structure. Little information is available on the fine 
structure of members of the genus Flavobacterium. The transmis- 
sion electron microscopy studies performed on some species 
(Horn et al., 2005; Mgller et al., 2005; Bernardet and Bowman, 
2006 and references therein; Park et al., 2006a, 2007; Wang 
et al., 2006; Yoon et al., 2006d; Liu et al., 2007) revealed that 
the structure of the cell wall was typical of Gram-stain-negative 
bacteria. Non-flagellar appendages and fimbriae-like structures 
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were observed in Flavobacterium aquatile, Flavobacterium branchi- 
ophilum, and Flavobacterium frigidarium. Recently, cryoelectron 
tomography revealed tufts of 5-nm-wide filaments extending 
from and distributed unevenly on the outer membrane of 
Flavobacterium johnsoniae (Liu et al., 2007). As these filaments 
were absent in cells of a nonmotile mutant, but restored after 
the mutant was complemented, they may represent the adhesive 
surface organelles of the gliding motility machinery. In broth 
cultures, Flavobacterium psychrophilum produces long, tubular 
blebs that release membrane vesicles into the supernatant. 
These vesicles display a typical membrane bilayer, contain vari- 
ous proteases, and express several antigenic proteins (Møller 
et al., 2005). A regular capsule was reported in Flavobacterium 
columnare, Flavobacterium frigidarium, and Flavobacteriwm hiber- 
num (Bernardet and Bowman, 2006 and references therein), 
but the capsule layer observed in Flavobacterium psychrophilum 
was thin and irregular (Mgller et al., 2005). A capsule also 
seems to exist in Flavobacterium johnsoniae, since “Flavobacte- 
rium columnare” strain ATCC 43622 studied by MacLean et al. 
(2003) was actually later identified as Flavobacterium johnsoniae 
(Darwish et al., 2004; Shoemaker et al., 2005). 


Colonial or cultural characteristics. The composition of 
the agar medium strongly affects colonial morphology of the 
Flavobacterium strains that display gliding motility because low 
nutrient content promotes this type of motility (see above) 
(Reichenbach, 1989b). Hence, colonies on nutrient-rich 
agars are usually circular, low convex to convex, translucent 
to opaque, smooth and shiny, with entire or uneven to undu- 
late edges, whereas they may be flat and spreading with irreg- 
ular to rhizoid or filamentous margins on low-nutrient agars 
(Bernardet and Bowman, 2006). Colonies of Flavobacterium 
pectinovorum merely display a sticky consistency, but the flat, 
rhizoid colonies of Flavobacterium columnare usually strongly 
adhere to the agar, a trait that may be lost after repeated sub- 
cultures. They also frequently display raised, warty to nodular 
centers that were originally mistaken for the fruiting bodies 
produced by myxobacteria (Ordal and Rucker, 1944). Differ- 
ent colony types may occur on the same agar plate, as reported 
for Flavobacterium columnare and Flavobacterium psychrophilum 
(Bernardet, 1989; Bernardet and Kerouault, 1989). After 
prolonged incubation, colonies of Flavobacterium weaverense 
and Flavobacterium segetis display a mucoid consistency (Yi and 
Chun, 2006). The consistency of colonies may also be affected 
by growth temperature: for instance, colonies of Flavobacterium 
hibernum are mucoid when grown at 25°C and gelatinous at 4° C 
(McCammon et al., 1998). Colonies of the agar-liquefying spe- 
cies Flavobacterium flevense, Flavobacterium saccharophilum, and 
Flavobacterium tegetincola are typically sunk into the agar; in Fla- 
vobacterium limicola, no liquefaction occurs and agar degrada- 
tion is only visualized using potassium iodide solution (Tamaki 
et al., 2003). 

Colonies of Flavobacteriwm strains are usually pale to bright 
yellow or orange due to the production of non-diffusible, non- 
fluorescent carotenoid or flexirubin types of pigments or both 
(Bernardet and Bowman, 2006; Bernardet et al., 1996, 2002; 
Reichenbach, 1989b). Ten of the 40 Flavobacterium species have 
been shown to produce predominantly flexirubin type pigments 
using the simple KOH test (Table 24): the color of the biomass 
shifts from yellow to dark pink, red or brown when covered 
with 20% KOH (Bernardet et al., 2002; Reichenbach, 1989b). 
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Some of these species may in addition produce minor amounts 
of carotenoids, but the more sophisticated technique necessary 
to detect these pigments has not been performed. Carotenoid 
pigments have also not been looked for in a number of Flavobac- 
terium species in spite of negative KOH tests (e.g., Flavobacteriwm 
croceum, Flavobacterium soli, Flavobacterium daejeonense, Flavobacte- 
rium suncheonense, Flavobacteriwm segetis, and Flavobacterium wea- 
verense). Several Flavobacterium species also produce a pink to 
dark brown, diffusible melanin-ike pigment when grown on 
tyrosine-containing agar (Table 24). 

Liquid cultures of Flavobacteriwum strains are usually uniformly 
turbid. However, cells of Flavobacterium columnare frequently 
adhere to each others (resulting in numerous, tiny aggregates 
in suspension in the medium) and to the surface of the glass 
flask (producing a yellow filamentous ring at the upper level 
of the broth). 

Additional information on the colonial and cultural char- 
acteristics of Flavobacterium strains, as well as the most suitable 
methods to study them, can be found in Reichenbach (1989b), 
Bernardet et al. (2002), and Bernardet and Bowman (2006). 


Nutrition and growth conditions. Procedures for isolat- 
ing and cultivating Flavobacterium strains have been reviewed 
extensively (Bernardet and Bowman, 2006; Hugo and Jooste, 
2003; Jooste and Hugo, 1999; Reichenbach, 1989b, 1992a). 
With the exception of some freshwater, NaCl-sensitive species 
(including the rather fastidious fish-pathogenic species), most 
Flavobacterium species grow readily on commercial media such 
as nutrient and tryptic soy agars, as well as in the correspond- 
ing broths (Table 24). No growth factors are required. The fish 
pathogens grow well on media containing no NaCl and low 
nutrient concentrations such as Anacker and Ordal’s medium 
(Anacker and Ordal, 1955), R2A (Reasoner and Geldreich, 
1985), and modified Shieh’s medium (Song et al., 1988). Many 
other media, including some selective ones, have been pro- 
posed for these economically significant fish pathogens; they 
have been reviewed extensively by Bernardet and Bowman 
(2006). All other Flavobacterium species tested also grow well 
on Anacker and Ordal’s agar on which gliding strains display 
their typical spreading colonial morphology optimally (Table 
24). Gliding motility is also most active in Anacker and Ord- 
al’s broth (Reichenbach, 1989b; Bernardet et al., 2002; J.-F. 
Bernardet, unpublished data). A glucose-containing medium 
has been used to grow Flavobacterium omnivorum and Flavobac- 
terium xinjiangense (Zhu et al., 2003), as well as Flavobacteriwum 
glaciei (Zhang et al., 2006). Although not essential for growth, 
glucose has also been included in the growth media for Fla- 
vobacterium columnare (Song et al., 1988) and Flavobacterium psy- 
chrophilum (Cepeda et al., 2004; Daskalov et al., 1999). Under 
optimal conditions, the minimum doubling time is 7.3 h 
for Flavobacterium denitrificans (Horn et al., 2005), 6.8 h for 
Flavobacterium segetis, and 2.9 h for Flavobacterium weaverense 
(Yi and Chun, 2006). 

The Flavobacterium strains that are able to grow on marine 
media (e.g., Difco marine 2216E agar) are those that have been 
retrieved from marine or saline environments, as well as a few 
strains isolated from temperate (Flavobacteriwm soli) or polar 
(Flavobacterium antarcticum, Flavobacterium segetis, Flavobacterium 
weaverense, and Flavobacteriwum xanthum) soil. These species, how- 
ever, do not require NaCl for growth and are therefore halot- 
olerant, not halophilic. The range of tolerated and optimum 
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NaCl concentrations for growth are listed in Table 24. Among 
described species, the highest resistance to NaCl (9%) was 
found in Flavobacterium frigidarium (Humphry et al., 2001), but 
isolates from saline environments tentatively identified as Fla- 
vobacterium sp. were recently shown to grow optimally in the 
presence of 10% NaCl and to tolerate up to 20% (Ghozlan 
et al., 2006). Although isolated from a freshwater lake, Flavobac- 
terium flevense also grows well on marine agar; this fact, together 
with the ability of Flavobacterium flevense to degrade agar, could 
be a reminiscence of the time when the lake still received 
an inflow of seawater from the North Sea (Van der Meulen 
et al., 1974). Other soil and freshwater species, including the 
above-mentioned fish pathogens, do not grow on marine agar. 
Growth of Flavobacterium croceum, Flavobacterium limicola, and Fla- 
vobacterium saliperosum is severely inhibited by NaCl concentra- 
tions of 1-1.5% (Park et al., 2006a; Tamaki et al., 2003; Wang 
et al., 2006). The fish-pathogenic species are even more NaCl- 
sensitive: although Flavobacteriuwm columnare may tolerate up to 
0.5% NaCl (Bernardet and Grimont, 1989), growth is already 
reduced in the presence of only 0.3% NaCl (Chowdhury and 
Wakabayashi, 1988). The maximum NaCl concentrations tol- 
erated by Flavobacterium branchiophilum and Flavobacterium psy- 
chrophilum are 0.2% and 0.5-1%, respectively (Bernardet and 
Kerouault, 1989; Holt et al., 1989; Ostland et al., 1994). Study- 
ing the in vitro survival of Flavobacterium psychrophilum in water, 
Madetoja et al. (2003) found that a salinity of 26960 drastically 
reduced the number of culturable cells. 

Despite the rather chilling specific epithets (e.g., antarcti- 
cum, frigidarium, frigidimaris, frigoris, gelidilacus, glaciei, hibernum, 
psychrolimnae, psychrophilum, etc.) given to the cold-living Fla- 
vobacterium species, most of them are actually psychrotolerant 
rather than true psychrophilic organisms. The optimum tem- 
perature for growth of the 19 Flavobacterium species that have 
been retrieved from cold or polar environments falls within the 
11-21°C range, except for Flavobacterium hibernum, which grows 
optimally at 26°C (Table 24). Intriguingly, the latter species is 
also the one that is able to grow at the lowest temperature, i.e., 
-7°C (McCammon et al., 1998). Other psychrotolerant and psy- 
chrophilic Flavobacterium species are usually able to grow down 
to 0-5*C. The temperature range for growth of Flavobacterium 
strains that occur in temperate environments is usually 10-25°C, 
but some of them are able to grow at temperatures as low as 0°C 
or as high as 37°C (Table 24). Flavobacterium croceum is even able 
to grow up to 45°C (Park et al., 2006a). Flavobacterium indicum 
is the only Flavobacterium species that has been retrieved from 
a warm environment, i.e., spring water at 37-38°C, correspond- 
ing to its optimal growth temperature; its growth temperature 
range is 15-42*C (Saha and Chakrabarti, 2006). The most seri- 
ous outbreaks of fish disease caused by Flavobacterium columnare 
usually occur in water at 20-30°C (Wakabayashi, 1991), whereas 
diseases caused by the other major fish pathogen, Flavobacterium 
psychrophilum, typically occur at 3-15°C (Borg, 1960; Holt et al., 
1989). 


Metabolism and metabolic pathways. Except for the gen- 
eral facts listed at the beginning of this chapter, little is known 
about these aspects for individual species. Almost all Flavobac- 
lerium strains are strictly aerobic chemoorganotrophs with 
a respiratory type of metabolism (Bernardet and Bowman, 
2002, 2006; Bernardet et al., 1996). Facultatively anaerobic 
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growth, however, has been reported in Flavobacterium hydatis 
and Flavobacterium succinicans when peptone or yeast extract 
is provided (Anderson and Ordal, 1961; Bernardet and Bow- 
man, 2006; Chase, 1965; Reichenbach, 1989b; Strohl and Tait, 
1978). Recently, weak and delayed anaerobic growth was also 
reported in Flavobacterium antarcticum (Yi et al., 2005a) , Flavobac- 
terium croceum (Park et al., 2006a), Flavobacterium weaverense and 
Flavobacterium segetis (Yi and Chun, 2006), and Flavobacterium 
defluvii (Park et al., 2007). Weak anaerobic growth of the latter 
organism occurred after 16 d, presumably by fermentation of 
carbohydrates (Park et al., 2007). The most intriguing Flavobac- 
terium species described recently is Flavobacterium denitrificans, a 
facultative anaerobe that grows by carrying out complete deni- 
trification in mineral medium, producing N,O as a transient 
intermediate during the reduction of nitrate to nitrite (Horn 
et al., 2005). This non-fermentative organism uses O,, NO,, 
and NO, as electron acceptors, but not sulfate or Fe**. Fifteen 
of the 40 Flavobacterium species are able to supplement their 
energy metabolism by reducing nitrate to nitrite, but Flavobac- 
terium denitrificans is the first truly denitrifying member of the 
genus described so far. Some Flavobacterium johnsoniae strains 
are able to grow by anaerobic respiration using nitrate as elec- 
tron acceptor (Reichenbach, 1989b; Stanier, 1947). A “var. 
denitrificans” was proposed by Stanier (1947) for one of these 
strains as it was an active denitrifier, but its inclusion in the spe- 
cies Flavobacterium johnsoniae has been subsequently questioned 
(Reichenbach, 1989b). 

Catalase is produced by all Flavobacterium species, cytochrome 
oxidase by all but a few species, and f.-galactosidase by 18 spe- 
cies of the 38 that have been tested. Indole production has not 
been tested in Favobacterium frigidimaris, Flavobacterium glaciei, 
Flavobacterium indicum, Flavobacterium saliperosum, or Flavobacte- 
rium soli; it is negative in all other Flavobacterium species. The 
production of hydrogen sulfide has only been reported in Fla- 
vobacterium columnare, Flavobacteri'um saccharophilum, Flavobacte- 
rium xanthum, and Flavobacterium xinjiangense. 

Most Flavobacterium species degrade gelatin and casein and 
several species also hydrolyze starch and esculin. Other polysac- 
charides such as chitin, pectin, and carboxymethylcellulose are 
only hydrolyzed by a few Flavobacterium species and the only aga- 
rolytic species are Flavobacterium flevense, Flavobacterium limicola, 
and Flavobacterium saccharophilum (Table 24). Crystalline cellulose 
(i.e., filter paper) is not decomposed (Bernardet and Bowman, 
2006). Saccharolytic capacities vary widely among members of 
the genus. Some species are able to utilize a wide range of carbo- 
hydrates (e.g., Flavobacteriwm flevense, Flavobacterium frigidimaris, 
Flavobacterium hydatis, Flavobacterium johnsoniae, Flavobacterium 
pectinovorum, and Flavobacteriwm. saccharophilum), whereas oth- 
ers utilize few or no carbohydrates and prefer amino acids and 
proteins (e.g., Flavobacterium antarcticum, Flavobacterium gelidila- 
cus, Flavobacteriwm glaciei, Flavobacteriwm indicum, Flavobacterium 
micromati, Flavobacterium saliperosum, Flavobacterium | suncheon- 
ense, Flavobacterium tegetincola, Flavobacterium weaverense, and the 
three fish-pathogenic species). About half of the Flavobacterium 
species produce acid from carbohydrates and degrade Tween 
compounds and tyrosine, whereas only a few species are able 
to degrade DNA and urea. The ability of many Flavobacterium 
strains to degrade a variety of biomacromolecules explains their 
role in mineralizing organic matter in soil and aquatic environ- 
ments. The combination of polysaccharide-degrading enzymes 
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and extracellular proteases produced by the fish-pathogenic 
Flavobacterium species is responsible for the extensive skin and 
muscular necrotic lesions observed in infected fish (Bernardet 
and Bowman, 2006). 

The recently published whole-genome sequence of an Fla- 
vobacterium psychrophilum strain has yielded some interesting 
data on its metabolism (Duchaud et al., 2007). Although most 
genes encoding the enzymes of the glycolytic and pentose 
phosphate pathways have been identified, the sugar kinase and 
phosphotransferase systems that allow carbohydrate uptake 
were found to be missing. This may explain why Flavobacte- 
rium psychrophilum is unable to use carbohydrates as sources of 
carbon and energy. Host proteins are first degraded to oligo- 
peptides by secreted proteases; oligopeptides are transported 
inside the bacterium by extensive uptake systems and degraded 
to amino acids by numerous peptidases. Amino acids are then 
processed by various catabolic pathways. Interestingly, Flavobac- 
terium psychrophilum also produces cyanophycin synthetase and 
cyanophycinase, two enzymes also found in cyanobacteria and 
a few other bacteria. The former synthesizes cyanophycin, a 
non-ribosomally synthesized polypeptide occurring as storage 
inclusions in the cytoplasm, whereas the latter degrades cyano- 
phycin to release carbon, nitrogen, and energy in nutrient-poor 
conditions (Krehenbrink et al., 2002). Hence, this unusual pro- 
cess may also occur in Flavobacterium psychrophilum, although 
cyanophycin inclusions have not been reported so far. Genes 
encoding the enzymes that degrade lipids to fatty acids have 
also been identified in the Flavobacterium psychrophilum genome. 
All enzymes of the tricarboxylic acid cycle are present for pro- 
cessing the degradation products of host proteins and lipids. 
Although Flavobacterium psychrophilum is a strict aerobe whose 
genome contains the genes encoding all components of the 
aerobic respiratory chain, mechanisms allowing the bacterium 
to deal with microaerobic conditions have also been identified. 
They may allow Flavobacterium psychrophilum to colonize oxygen- 
poor environments. The genome has also revealed a number of 
stress-response mechanisms that probably allow the bacterium 
to resist iron starvation, oxidative stress, and the reactive oxy- 
gen radicals produced in fish macrophages. 

The psychrophilic and psychrotolerant Flavobacterium species 
have to overcome the physical constraints resulting from low 
temperature. For instance, Flavobacterium frigidimaris produces 
a large amount of various NAD(P)*-dependent, cold-active 
dehydrogenases, some of which are thermolabile, whereas oth- 
ers are unexpectedly thermostable (Nogi et al., 2005b). Only 
the genes orthologous to the Flavobacterium frigidimaris genes 
encoding psychrophilic and thermolabile enzymes have been 
identified in the genome of Flavobacterium psychrophilum. It also 
contains genes involved in the regulation of membrane fluidity, 
in the maintenance of protein synthesis, and in the production 
of proteins with antioxidant properties (Duchaud et al., 2007). 

Enzymic activities of Flavobacterium strains that may have bio- 
technological applications in the future have been reviewed 
recently (Bernardet and Bowman, 2006). In addition, a cold- 
active, thermolabile xylanase has been described from a 
creek bed soil isolate sharing 99% full-length 16S rRNA gene 
sequence similarity with the type strain of Flavobacterium hiber- 
num (Lee et al., 2006a), and two Flavobacterium strains isolated 
from lake sediment in Finland have been shown to degrade 
casein, starch, and carboxymethylcellulose at 5°C (Männistö 
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and Haggblom, 2006). A soil isolate that was able to rapidly 
metabolize the organophosphorus pesticide cadusafos has 
also been definitely allocated to the genus Flavobacterium on 
the basis of the high similarity of its full-length 16S rRNA 
gene sequence with those of several Flavobacterium species 
(Karpouzas et al., 2005). However, many “Flavobacterium sp.” 
strains have actually been tentatively identified on the basis 
of partial 16S rRNA gene sequence and/or poor phenotypic 
data. For instance, “Flavobacterium sp.” ATCC 27551, whose 
parathion hydrolase activity has been the subject of many 
publications (e.g., Mulbry and Karns, 1989; Manavathi et al., 
2005; Khajamohiddin et al., 2006) dealing with the microbial 
detoxification of hazardous organophosphate contaminants 
(such as the insecticides diazinon and parathion), has actu- 
ally been shown to be a facultatively anaerobic and flagellated 
strain (Sethunathan and Yoshida, 1973). Degrading activities 
of the following contaminants with possible applications in 
bioremediation have been reported in other poorly (probably 
erroneously) identified “Flavobacterium sp.”: the solid propel- 
lant perchlorate (Okeke and Frankenberger, 2005), gasoline 
(Lu et al., 2006), various aromatic and chlorinated aromatic 
hydrocarbons (Plotnikova et al., 2006), the herbicide atrazine 
(Smith and Crowley, 2006), and the pesticide pentachlorophe- 
nol (Pu and Cutright, 2007). The f-galactosidase secreted by 
a Flavobacterium strain isolated from post-processing water in 
a shrimp and fish processing plant in Greenland met a num- 
ber of requirements that are necessary for industrial dairy pro- 
cesses (Sgrensen et al., 2006). 


Genetics. The Bacteroides thetaiotaomicron transposable ele- 
ment Tn4351 has been the first tool for mutagenesis in members 
of the phylum Bacteroidetes (Cooper et al., 1997). This transpo- 
son has also been shown to function in Flavobacterium johnso- 
niae and cloning vectors based on the cryptic plasmid pCP1 
of Flavobacterium psychrophilum have been developed to geneti- 
cally manipulate Flavobacterium species and related organisms 
(McBride and Baker, 1996; McBride and Kempf, 1996). Gliding 
motility mutants of Flavobacterium columnare and Flavobacterium 
johnsoniae had already been obtained through conventional 
methods (see Cell-wall composition, above), but Tn4551 muta- 
genesis has been used to obtain non-gliding mutants of Fla- 
vobacterium johnsoniae to elucidate the genetic mechanisms of 
gliding motility. To date, 15 different genes (gldA to gldN and 
fisX) required for gliding motility have been identified. Cells 
with mutations in any of these genes are completely nonmo- 
tile, deficient in chitin utilization, and resistant to infection by 
bacteriophages (Braun et al., 2005; Kempf and McBride, 2000; 
McBride, 2001; McBride and Braun, 2004; McBride et al., 
2003). Conversely, some gliding activity is retained in secDF and 
sprA mutants (Nelson and McBride, 2006; Nelson et al., 2007). 
Unlike all other proteins involved in gliding motility, sprA is at 
least partially exposed on the cell surface (Nelson et al., 2007). 
The same group of scientists has sequenced the pCP1 plasmid 
harbored by most Flavobacterium psychrophilum strains (M.J. 
McBride, sequence no. NC_004811, http://www.ncbi.nlm.nih. 
gov; Chakroun et al., 1998; Madsen and Dalsgaard, 2000; Izumi 
and Aranishi, 2004). Genetic tools have also been developed 
for Flavobacteriwm psychrophilum, including selectable markers, 
plasmid cloning vectors, a reporter system, and a transposon 
(Alvarez et al., 2004). 
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The whole-genome sequence of Flavobacterium psychrophilum 
JIP 02/86 (=CIP 103535=ATCC 49511) was recently determined 

(Duchaud et al., 2007) and consists of a 2,861,988 bp circular 
chromosome and one copy of the above-mentioned pCP1 cryp- 
tic plasmid. The mean G+C content of the whole chromosome 
is 32.54 mol%. The chromosome contains six rRNA genes, 49 
tRNA genes, and 2,432 predicted protein-coding genes. No func- 
tion could be assigned to 45% of the genes and little conserva- 
tion was observed when the genome of JIP 02/86 was compared 
to other published complete genome sequences. The closest to 
Flavobacterium psychrophilum among these was Bacteroides fragilis 
YCH46, but only 50% orthologous genes and very limited syn- 
teny were observed between the two genomes. No counterpart 
was found in other published genomes for 401 putative proteins 
(16%). The ongoing whole-genome sequence of other mem- 
bers of the genus (favobacterium psychrophilum CSF-259-93, Fla- 
vobacterium columnare ATCC 49512, and Flavobacterium johnsoniae 
ATCC 17061") and of members of the family Flavobacteriaceae 
(* Gramella forseti? KT0803 and Leeuwenhoekiella blandensis MED 
2177) will allow interesting comparisons between the genomes. 
For instance, the genome size of the pathogen Flavobacterium 
psychrophilum (2.9 Mb) is low compared to that of related envi- 
ronmental organisms such as Flavobacterium johnsoniae (6 Mb) 
and Leeuwenhoekiella blandensis (4. Mb). The NCBI website 
(http:/ /www.ncbi.nlm.nih.gov/genomes/lproks.cgi) provides 
information on all these genomes, except that of Flavobacte- 
rium columnare for which a separate website is available (http:// 
microgen.ouhsc.edu/f columnare/f columnare home.htm). 

The genotyping techniques that have been applied to collec- 
tions of l'lavobacterium strains have been reviewed recently (Ber- 
nardet and Bowman, 2006 and references therein). Random 
amplified polymorphic DNA, rRNA gene restriction pattern 
analysis (ribotyping), restriction fragment length polymor- 
phism analysis, repetitive extragenic palindromic DNA-PCR 
(rep-PCR), and plasmid profiles have resulted either in the dif- 
ferentiation of 'lavobacterium species or in intra-specific typing 
with taxonomic or epidemiological applications. The two major 
fish pathogens Flavobacterium columnare and Flavobacterium psy- 
chrophilum, of which large collections of strains are available and 
which are economically significant, have been the subjects of 
most molecular typing studies. 

Early reports of phages in Flavobacterium columnareand Flavobac- 
terium johnsoniae have been mentioned by Reichenbach (1989b). 
The online directory of phage names (Ackermann and Abedon 
2001) lists a number of other phages reportedly isolated from 
Flavobacterium strains. They include: T-)D1B, a member of the 
family Myoviridae, morphotype A1; 6CB38, a member of the fam- 
ily Podoviridae, morphotype C1; and CMF-1-F, O6N-12P, O6N-24P, 
and oMT5, four different virus species of the family Siphoviridae, 
morphotype Bl. A new flavobacteria-infecting siphonophage, 
phage 11b, has been isolated recently from strain “Bacteroidetes 
bacterium 11B", an Arctic sea-ice isolate that shares 97-99% 
16S rRNA gene sequence similarity with Flavobacterium frigoris, 
Flavobacterium degerlachei, and other polar Flavobacterium isolates 
(Borriss et al., 2003, 2007). Flavobacteriophage 11b has been cul- 
tivated and its genome and proteome have been characterized. 
Its host-specificity is reflected by a low DNA G«C content similar 
to that of Flavobacterium species and by the significant similarity of 
five of its coding sequences with those of closely related bacteria 
of the phylum Bacteroidetes (Borriss et al., 2007). 
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Antibiotic sensitivity. Overall, the environmental Flavobac- 
terium strains that have been tested for their susceptibility to 
antimicrobial drugs showed no outstanding resistance (Aslam 
et al., 2005; Humphry et al., 2001; Park et al., 2006a, 2007; 
Saha and Chakrabarti, 2006; Strohl and Tait, 1978; Wang 
et al., 2006; Yoon et al., 2006d). Drug susceptibility of the 
fish-pathogenic Flavobacterium species has been studied exten- 
sively to evaluate antibiotics for selective isolation media and 
for treatment of infected fish. Intrinsic resistance to tobramy- 
cin was found in Flavobacterium columnare and Flavobacterium 
psychrophilum; the former species was also resistant to neo- 
mycin and polymyxin B. Bath or oral antibiotic treatments 
are still the most effective control method for Flavobacterium 
infections in fish, but resistance to the widely used oxytet- 
racycline, oxolonic acid, and amoxycillin has progressively 
developed in fish farm isolates; no resistance to florfenicol 
has been reported yet (Bernardet and Bowman, 2006 and 
references therein). 


Pathogenicity. Strains of lavobacterium johnsoniae have occa- 
sionally been isolated from cases of "soft rot" in various plants; 
it was probably an opportunistic pathogen (Lelliott and Stead, 
1987; Liao and Wells, 1986). An organism named “Cytophaga 
allerginae” (later shown to share significant DNA relatedness 
with Flavobacterium hydatis and Flavobacterium johnsoniae, Bernar- 
det and Bowman, 2006) was retrieved from the air humidifica- 
tion system of a textile facility and identified as the source of 
the endotoxin that caused severe cases of hypersensitivity pneu- 
monitis in several workers (Flaherty et al., 1984; Liebert et al., 
1984). No other cases have been reported since then. 

Freshwater fish are the animals most prone to flavobacterial 
infections, resulüng in considerable economic losses world- 
wide. Fish diseases caused by Flavobacteriwm columnare, Flavobac- 
terium psychrophilum, and Flavobacterium branchiophilum have 
been reviewed extensively (Austin and Austin, 1999; Bernardet 
and Bowman, 2006; Holt et al., 1993; Nematollahi et al., 2003; 
Shotts and Starliper, 1999) and basic information is also pro- 
vided below in the list of species. Although mainly a free-living 
organism, Flavobacterium johnsoniae has been isolated frequently 
from diseased fish (Christensen, 1977; J.-F. Bernardet, unpub- 
lished data) and is considered to be an opportunistic pathogen 
in a few cases (Carson et al., 1993; Rintamaki-Kinnunen et al., 
1997). Originally isolated from diseased fish, Flavobacterium 
hydatis (previously [ Cytophaga] aquatilis, Strohl and Tait, 1978) 
and Flavobacterium succinicans (previously [Cytophaga] succini- 
cans, Anderson and Ordal, 1961) may also act as opportunistic 
pathogens. Several other Flavobacteriumlike organisms have 
been reported from diseased fish, but they have subsequently 
been transferred to other or new genera (Bernardet and Bow- 
man, 2006). 

Virulence mechanisms of fish-pathogenic Flavobacterium 
species are as yet poorly understood. Adhesive proper- 
ties, agglutination, and lysis of fish erythrocytes, the ability 
to escape the bactericidal mechanisms of phagocytes, and 
production of extracellular proteases and chondroitin AC 
lyase have been suggested as important virulence factors of 
Flavobacterium | psychrophilum, | Flavobacterium columnare, and 
Flavobacterium branchiophilum, but virulence varies consider- 
ably among strains (Bernardet and Bowman, 2006 and refer- 
ences therein). New insights have resulted from the recent 
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whole-genome sequencing of Flavobacterium psychrophilum 
strain JIP 20/86 (Duchaud et al., 2007; see above). Genome 
analysis has revealed a number of mechanisms that confer on 
Flavobacterium psychrophilum the ability to colonize and degrade 
fish tissues: adhesion, biofilm formation, gliding motility, iron 
acquisition, production of proteases able to hydrolyze the 
components of skin and muscular tissues, production of cell 
surface proteins important for bacteria—host interactions, and 
secretion systems transporting toxins to the bacterial surface. 
Additional data on virulence will likely result from comparison 
of this genome to those of other pathogenic (Flavobacterium 
branchiophilum, Flavobacterium columnare) and environmental 
(Flavobacterium johnsoniae) Flavobacterium species when avail- 
able (see Genetics, above). 


Ecology. Members of the genus Flavobacteriwum occur in a 
variety of soil and freshwater, marine, or saline habitats in warm, 
temperate, or polar environments (Table 24) (Bernardet and 
Bowman, 2006). Of the 40 Flavobacterium species with validly 
published names, only one (Flavobacterium indicum) has been 
isolated from a warm habitat (i.e., spring water at 37-38°C), 18 
are from cold or polar habitats, and eight are from habitats char- 
acterized by moderate salinity such as seawater, sea ice, marine 
sediment, and saline lake water. Flavobacterium strains have not 
been isolated from hypersaline environments so far. Ghozlan 
et al. (2006) investigated bacterial communities in water and 
soil samples from various habitats in Egypt displaying a wide 
range of salinity. Strains allocated to the genus Flavobacterium 
on the basis of 155 phenotypic tests were only retrieved from 
salt lakes and solar salterns with non-saturating brines (salin- 
ity 13.5-25%) and shown to grow optimally in the presence of 
10% NaCl. Several of the recently described Flavobacterium spe- 
cies have been isolated following extensive investigation of bac- 
terial communities in Antarctic soil (/lavobacterium weaverense 
and Flavobacterium segetis, Yi and Chun (2006) and seawater 
(Flavobacterium. frigidimaris; Nogi et al., 2005b). Temperate or 
frozen soils have also yielded a number of novel Flavobacterium 
species, such as Flavobacterium omnivorum and Flavobacterium 
xinjiangense (Zhu et al., 2003), Flavobacterium soli (Yoon et al., 
2006d), Flavobacterium daejeonense and Flavobacterium suncheon- 
ense (Kim et al., 2006a), and Flavobacterium glacie (Zhang et al., 
2006). Flavobacterium denitrificans (Horn et al., 2005), isolated 
from the gut of an earthworm, is also most likely a soil organism 
(H.L. Drake, personal communication); it participates in the 
production of large amounts of nitrous oxide, a greenhouse 
gas, by earthworms. Among the NaCl-sensitive species, Mavobac- 
terium glaciei has been isolated from frozen soil (Zhang et al., 
2006), Flavobacterium aquidurense and Flavobacterium hercynium 
are from calcium-rich creek water (Cousin et al., 2007), Fla- 
vobacterium saliperosum is from freshwater lake sediment (Wang 
et al., 2006), and Flavobacterium croceum and Flavobacterium deflu- 
vii are from activated sludge (Park et al., 2006a, 2007). The fish- 
pathogenic species (see below) are also very sensitive to NaCl 
concentration. 

Among the few investigations of cultivable bacterial com- 
munities using complete or nearly complete 16S rRNA gene 
sequences are studies from river epilithon (i.e., the biofilm 
attached to rock surfaces comprising algal and bacterial com- 
munities embedded in organic matter) in England (O'Sullivan 
et al., 2006) and from the calcium-rich water of a German 
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creek (Brambilla et al., 2007). Both studies revealed the same 
breadth of diversity among Flavobacterium strains, but only a 
few isolates could be affiliated with described species, with 
the majority of isolates representing putative novel species. 
Descriptions of novel Flavobacterium species (Flavobacterium 
aquidurense and Flavobacterium hercynium; Cousin et al., 2007) 
have already resulted from one of these studies. Kisand et al. 
(2005) studied the distribution and seasonal dynamics of five 
Flavobacterium strains along a Northern Baltic Sea river-marine 
transect. Two strains were the most abundant bacteria in the 
river water (mean 210,000 cells/ml), but they decreased in 
number from the river to the estuary and the open sea. The 
remaining three strains were only occasionally detectable. 
Authentic Favobacterium isolates were also recovered from 
another estuarine environment (Selje et al., 2005) and from 
water beneath a Canadian glacier (Cheng and Foght, 2007). 
Interestingly, freeze-tolerant bacteria producing ice-active 
macromolecules are not restricted to polar areas. A Flavobac- 
terium strain exhibiting ice-nucleating activity, but unable to 
inhibit recrystallization was isolated from soil in a temperate 
Canadian location (Wilson et al., 2006). New Flavobacterium 
species will most likely emerge from investigations of these 
and other environments. 

Most studies of bacterial communities and phylogenetic 
diversity in various environments, however, have been based on 
partial 16S rRNA gene sequences, cloned 16S rRNA genes, or 
denaturing gradient gel electrophoresis bands. Consequently, 
the resulting affiliation of the corresponding organisms to the 
genus Flavobacterium is only tentative. For instance, Flavobacte- 
rium sp. were among the surface and endophytic bacteria that 
colonize orchid roots (Tsavkelova et al., 2007), and Kim et al. 
(2006b) reported that 87% of the bacterial community associ- 
ated with the roots of tomato plants belonged to undescribed 
members of the genus Favobacterium. Some of the isolates 
recovered from permafrost in Siberia (Vishnivetskaya et al., 
2006) and China (Bai et al., 2006) were identified as Flavobac- 
terium sp. l'lavobacterium strains were also found in three differ- 
ent habitats of a paddy field in Japan: among the epibiotic and 
intestinal microbial community of several microcrustacean 
species (Niswati et al., 2005), among the microbial community 
responsible for the decomposition of buried rice straw com- 
post (Tanahashi et al., 2005), and in the floodwater (Shibagaki- 
Shimizu et al., 2006). The bacterioplankton communities of 
water from oligotrophic, eutrophic, and mesotrophic lakes 
(i.e., lakes with low concentrations of nutrients and low over- 
all productivity, high concentrations of nutrients and high 
productivity, and intermediate characteristics, respectively) 
in Germany all contained Flavobacterium strains (Gich et al., 
2005). A study of the abundance and seasonal dynamics of 
members of the class Flavobacteriia in four eutrophic lakes in 
Sweden revealed that Flavobacterium strains formed one of 
the two dominant Flavobacteriia lineages responsible for the 
observed Flavobacteriia blooms (i.e., episodes where Flavobac- 
teriia contributed in excess of 30% of total bacterioplankton). 
Flavobacterium spp. alone or in combination with members 
of the other lineages also contributed more than 50% of the 
total 16S rRNA gene pool during some cyanobacterial blooms 
(Filer and Bertilsson, 2007). The two Flavobacterium strains 
identified on the basis of their fatty acid profile and partial 16S 
rRNA sequence from lake and pond sediment in Finland were 
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able to grow at 0°C (Mannistó and Haggblom, 2006). Larvae 
of some butterflies species (Xiang et al., 2006) have also been 
shown to harbor Flavobacterium strains in the gut. In the search 
for potential bacterial pathogens to control the hazelnut pest 
beetle Oberea linearis, Bahar and Demirbag (2007) character- 
ized a number of strains isolated from diseased or dead lar- 
vae. Conventional phenotypic tests, commercial galleries, and 
near-full-length 16S rRNA gene sequences have clearly identi- 
fied one of the isolates as a Flavobacterium sp., but bioassays on 
beetle larvae have failed to reveal any insecticidal effect. 

The fish-pathogenic Flavobacterium species (e.g., Flavobacte- 
rium branchiophilum, Flavobacterium columnare, and Flavobacte- 
rium psychrophilum) have mainly been isolated from superficial 
lesions or internal organs of infected fish, and only rarely from 
water (Bernardet and Bowman, 2006). Although Flavobacte- 
rium psychrophilum cells are able to survive in water for several 
months, they rapidly lose their ability to multiply (Madetoja 
et al., 2003). Hence, these species seem to be mainly parasitic, 
as also suggested by their rather fastidious growth on artifi- 
cial media (especially Flavobacterium branchiophilum). The few 
strains of Flavobacterium hydatis and Flavobacterium succinicans 
available and the fish isolates of Flavobacterium johnsoniae have 
been isolated exclusively from external lesions of fish. This 
suggests that these three species, which grow well on artificial 
media, are probably saprophytic or commensal organisms that 
may colonize fish lesions initiated by other bacteria or para- 
sites. Other saprophytic or commensal Flavobacterium strains 
have been reported from the surface of fish eggs and from fish 
skin, gills, and gut (Huber et al., 2004; Bernardet and Bowman, 
2006 and references therein; Hu et al., 2007), but the identifi- 
cation of some of these strains was only based on scant data. 

Flavobacterium strains have also been found in air humidi- 
fication systems (see Pathogenicity, above), in amoebae (Horn 
et al., 2001; Müller et al., 1999), in the water and sediment of 
intensive fish culture systems (Bernardet and Bowman, 2006 
and references therein), and in the wastewater treatment plant 
of a beer brewery (Flavobacterium granuli, Aslam et al., 2005). 
Many “Flavobacterium” strains have reportedly been involved in 
the spoilage or degradation of various food products, but they 
have either been subsequently allocated to other genera or 
shown to play only a minor role (Bernardet and Bowman, 2006 
and references therein). Recently, some of the spoilage pecti- 
nolytic organisms isolated from various minimally processed 
frozen vegetables sold in supermarkets in Botswana were tenta- 
tively identified as Flavobacterium sp. on the basis of commercial 
identification systems and additional phenotypic tests (Manani 
et al., 2006). 

In the different habitats they colonize, Flavobacterium strains 
participate in the degradation of various organic compounds 
such as polysaccharides and proteins. For instance, five Fla- 
vobacterium sp. represented important metabolizers of dissolved 
organic matter in river estuaries of the Northern Baltic area 
(Kisand et al., 2002, 2005). The proteases and chondroitin AC 
lyase secreted by the fish-pathogenic Mavobacterium species are 
responsible for severe necrotic lesions by destroying fish tissues 
(see Pathogenicity, above; Bernardet and Bowman, 2006). Some 
of the enzymes, especially the cold-active ones, produced by 
Flavobacterium strains may have biotechnological applications in 
the future (see Metabolism and metabolic pathways, above; Bernar- 
det and Bowman, 2006). 
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Enrichment and isolation procedures 


Most Flavobacterium strains are easily isolated and cultivated, 
usually requiring no enrichment or selective isolation proce- 
dure and growing in an ambient air atmosphere. Serial dilu- 
tions of the source material, such as water, soil, or fish tissue, are 
spread directly onto agar media and incubated at a tempera- 
ture corresponding to that of the original habitat. The media 
used for isolation and cultivation of Flavobacteriwm strains are 
presented in the section on nutrition and growth conditions. 
Relevant information on the isolation and cultivation of some 
species now included in the genus Flavobacterium has also been 
provided by Reichenbach (1989b, 1992a). 

The enrichment procedures that have been used occasion- 
ally have taken advantage of the special physiological charac- 
teristics displayed by some HMavobacterium strains. For instance, 
a pre-enrichment step at 2-4^C has been performed to pro- 
mote the isolation of psychrophilic/psychrotolerant Flavobac- 
terium species from cold environments (e.g., McCammon and 
Bowman, 2000; Zhu et al., 2003; Yi et al., 2005a; Yi and Chun, 
2006; Zhang et al., 2006). Similarly, isolation of chitin-, pectin-, 
or xylan-degrading Flavobacterium strains has been achieved by 
using an enrichment step on media containing the specific sub- 
strate (Agbo and Moss, 1979; Reichenbach (1989b) and refer- 
ences therein; Humphry et al. (2001). 


Maintenance procedures 


Most cold-living Flavobacterium strains can be stored for a few 
weeks or months at 2—4°C as live cultures on agar plates or 
slants, whereas agar deeps (e.g., Anacker and Ordal's medium 
containing 0.4% agar; Anacker and Ordal, 1955) should prefer- 
ably be used for short-term preservation of other Flavobacterium 
strains (J.-F. Bernardet, unpublished data). For long-term pres- 
ervation, Flavobacterium strains can be lyophilized or maintained 
at —70°C or -80°C using glycerol (10-30%, v/v) as a cryopro- 
tectant (Bernardet and Bowman, 2006; Reichenbach, 1989b; 
Yi and Chun, 2006). Commercial media for cryopreservation 
have also been used successfully (Cepeda et al., 2004). 


Procedures for testing special characters 


The phenotypic characteristics that allow differentiation of Fla- 
vobacterium species are listed in Table 24 and those that distin- 
guish Flavobacterium species from members of related genera 
are detailed in the next section. The procedures recommended 
for testing these characteristics have been specified previously 
(Bernardet et al., 2002). Additional details have been provided 
for those features that are unusual or require some experience, 
such as production of spherical degenerative cells in the sta- 
tionary phase, colony morphology and consistency, adsorption 
of Congo red, gliding motility, ability to degrade cellulose or 
its derivatives, yellow pigment type (flexirubin and/or carote- 
noid), production of cytochrome oxidase and f-galactosidase, 
salinity requirement, capnophilic metabolism, and use of com- 
mercial identification systems (Bernardet and Bowman, 2006; 
Bernardet et al., 2002). 


Differentiation of the genus Flavobacterium from closely 
related taxa 


Nowadays, differentiation of Flavobacterium strains from mem- 
bers of other genera in the family Flavobacteriaceae is usually 
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achieved initially through a comparison of 16S rRNA gene 
sequences with those deposited in databases and the determi- 
nation of phylogenetic distances. 

The features that should be included in the description of 
novel Flavobacterium species have been specified in the minimal 
standards for describing new taxa in the family Flavobacteriaceae 
(Bernardet et al., 2002). The phenotypic characteristics that 
differentiate members of genera in the family lavobacteriaceae 
are listed in Table 23 in the treatment of the family Flavobacteri- 
aceae in this volume. However, because the genus Flavobacterium 
contains by far the largest number of species in the family, many 
of these characteristics also vary within the genus and conse- 
quently cannot be used to circumscribe the genus Flavobacte- 
rium from other genera. The following characteristics vary 
within the genus: production of spherical degenerative cells in 
stationary phase; gliding motility; ability to grow at 25°C; acid 
production from glucose and sucrose; presence of DNase, ure- 
ase, cytochrome oxidase, H,S, and f-galactosidase activities; 
nitrate reduction; carbohydrate utilization; and degradation 
of agar, starch, esculin, and gelatin. Hence, the only character- 
istics common to all Flavobacterium species so far are: produc- 
tion of yellow pigments; the presence of catalase activity; the 
absence of a requirement for Na* or seawater; and the inability 
to grow under anaerobic conditions (except for five of the 40 
species), to produce indole, or to grow at 37 and 42°C (except 
for Flavobacterium croceum and Flavobacterium indicum). 

Information on the relevance of fatty acid composition to 
identify Flavobacterium strains at the genus and species level 
has been given above (see Cell-wall composition). Application 
of whole-cell protein analysis by SDS-PAGE to members of 
the genus Flavobacterium has been reviewed recently (Bernar- 
det and Bowman, 2006). Another procedure, MALDI-TOF 
(Matrix-Assisted Laser Desorption/Ionization Time-of-Flight) 
mass spectrometry analysis, has been used to rapidly group 60 
freshwater isolates according to their whole-cell protein pat- 
tern; more than half of the isolates grouped around the single 
bona fide Flavobacterium strain contained in the database (Bram- 
billa et al., 2007). 

The DNA G+C content of Flavobacterium strains  (i.e., 
30-41 mol%) is similar to that of most other members of the 
family Flavobacteriaceae (see Table 23 in the treatment of the 
family Flavobacteriaceae). DNA G+C composition only allows dif- 
ferentiation of Flavobacterium strains from Olleya (49 mo1%) and 
Robiginitalea (55-56 mol%) strains, and from some strains of 
Bizionia (38-45 mol%), Capnocytophaga (36-44 mol%), Muri- 
cauda (41-45 mol%), Psychroserpens (27-29 mol%), and Zobellia 
(36-43 mol%). 


Taxonomic comments 


The early history of the genus Flavobacteriwm and of its type spe- 
cies (Flavobacterium aquatile) has been reviewed several times 
(especially in Holmes and Owen (1979), but also: Weeks, 1955; 
Holmes and Owen, 1981; Holmes, 1992; Holmes et al., 1984c). 
Following the description of “Bacillus aquatilis” by Frankland 
and Frankland (1889), the species was designated the type spe- 
cies of the genus Flavobacterium when it was created by Bergey 
et al. (1923). As no type strain had been designated by the 
Franklands and no original isolate was still available, strain Tay- 
lor F36, reputed to be a re-isolate of the original organism from 
the same source, has become generally accepted (although not 
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formally proposed) as the type strain of Flavobacterium aquatile 
(Holmes and Owen, 1979; Weeks, 1955). However, this strain 
displayed serious phenotypic discrepancies compared to the 
meagre original description of “Bacillus aquatilis” and it shared 
some characteristics with members of the genus Cytophaga, such 
as the structure of the cell wall (Follett and Webley, 1965) and 
movements that were considered to be gliding by some investi- 
gators (Perry, 1973). Moreover, its place and date of isolation 
were not known with certainty. Since Holmes and Owen (1979) 
felt that "Flavobacterium aquatile was an unfortunate choice as 
the type species of llavobacterium because the species is cur- 
rently represented by only one strain which is of uncertain 
taxonomic affinities”, they proposed to substitute [/lavobacte- 
rium] breve for Flavobacterium aquatile as the type species of the 
genus. They also proposed an emended description of the 
genus that took into account its successive restrictions. Indeed, 
because the only original criteria for including an organism 
in the genus Flavobacterium were the production of yellow to 
orange pigments and the ability to produce acid weakly from 
carbohydrates (Bergey et al., 1923), the genus had grown to 
include Gram-stain-positive, Gram-stain-negative, flagellated, 
gliding, and nonmotile bacteria with high or low DNA G+C 
content (Holmes and Owen, 1979). In the successive editions 
of Bergey’s Manual, flagellated, Gram-stain-positive, and gliding 
strains were excluded, but species with high and low DNA G+C 
content were still included (Weeks, 1974). 

The genus Flavobacterium as emended by Holmes and Owen 
(1979) was restricted to clinical, environmental, or food bacteria 
that were aerobic, Gram-stain-negative, chemoorganotrophic, 
oxidase- and catalase-positive, and nonmotile, usually produc- 
ing yellow to orange pigments, having a strictly respiratory type 
of metabolism, actively proteolytic but poorly saccharolytic, 
with a DNA G+C content of 31-40 mol%. Because the Judicial 
Commission (Wayne, 1982) had declined to issue the opinion 
requested by Holmes and Owen (1979) for rejecting the name 
Flavobacterium aquatile as a nomen dubium and for changing the 
type species of the genus Mavobacterium, Flavobacterium aquatile 
had to remain the type species of the genus. The description of 
the genus in the following edition of the Manual (Holmes et al., 
1984c) was essentially the same as the one these authors had 
proposed in 1979. However, although all seven species shared 
the above-mentioned characteristics, the following species or 
groups of species could already be distinguished on the basis of 
phenotypic features: (i), Flavobacterium aquatile; (ii), [Flavobac- 
terium] breve, [Flavobacterium] balustinum, and [Flavobacterium] 
meningosepticum; (ii), [Flavobacterium] odoratum; and (iv), [Fla- 
vobacterium] multivorum and [Flavobacterium] spiritivorum. The 
same “natural groups”, some of them expanded by the descrip- 
tion of novel species, appeared in the next review on the genus 
Flavobacterium (Holmes, 1992). 

In 1996, the results of an extensive polyphasic study of more 
than 100 bacterial strains representing a variety of flavobacte- 
ria (mainly attributed to the genera Cytophaga, Mavobacterium, 
Flexibacter, Microscilla, and Sphingobacterium) were published 
(Bernardet et al., 1996). The main result of the 16S rRNA 
analysis included in this study was the distinct delineation of a 
“Flavobacterium aquatile rRNA cluster” that comprised Flavobacte- 
rium aquatile, Flavobacterium branchiophilum, | Cytophaga] flevensis, 
[Cytophaga] aquatilis, [ Cytophaga] johnsonae (sic), [Cytophaga] 
pectinovora, |Cytophaga] saccharophila, [Cytophaga] succinicans, 
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“Cylophaga allerginae’, “Cytophaga xantha’, [Flexibacter| colum- 
naris, [Flavobacterium] psychrophilus, | Flavobacterium] aurantiacus, 
" Flavobacteriwm aurantiacus subsp. excathedrus” , " Promyxobacterium 
flavum’, and “Sporocytophaga cauliformis’. Due to the low reso- 
lution of the 16S rRNA analysis used at that time, [Flavobacte- 
rium] odoratum was also included in this cluster. Strikingly, all 
other species included in the genus Flavobacterium as delineated 
by Holmes et al. (1984c) and Holmes (1992) appeared only 
remotely related to the “Flavobacterium aquatile rRNA cluster" 
and had to be reclassified in other or new genera (i.e., Chry- 
seobacterium, Empedobacter, and Bergeyella; see Vandamme et al. 
(1994a) and the treatment of these genera and the family Fla- 
vobacteriaceae). The organisms grouped in the “Flavobacterium 
aquatile rRNA cluster" shared similar fatty acid and whole-cell 
protein profiles, a number of phenotypic and chemotaxonomic 
characteristics, and a rather narrow range of DNA G4C con- 
tent, as well as similar habitats. Hence, both phenotypic and 
phylogenetic criteria supported inclusion of members of the 
cluster into an emended genus Flavobacterium with Flavobacte- 
rium aquatile as the type species (Bernardet et al., 1996). An 
emended description of the genus was proposed that took into 
account characteristics that were common to all its members. 
Conversely, as [Flavobacterium] odoratum differed from the other 
species by several characteristics and by its clinical origin, it was 
decided to reclassify this species in a separate genus, Myroides, 
as Myroides odoratus (Vancanneyt et al., 1996). The reclassifica- 
tion of [Cytophaga] aquatilis in the genus Flavobacterium made 
it necessary to propose a new species name for this taxon, Fla- 
vobacterium hydatis, to avoid the new combination becoming a 
junior homonym of Flavobacterium aquatile. The reclassification 
of [ Cytophaga] johnsonae was also the opportunity for correcting 
its specific epithet to johnsoniae (Bernardet et al., 1996). As the 
two [Flexibacter] aurantiacus strains shared many phenotypic fea- 
tures, similar fatty acid profiles, and high levels of DNA-DNA 
relatedness with the type strain of Flavobacterium johnsoniae, it 
was proposed to include them in this species (Bernardet et al., 
1996). Although clearly attributed to the emended genus Fla- 
vobacterium, the taxa " Cytophaga allerginae", * Cytobhaga xantha", 
" Flexibacter aurantiacus subsp. excathedrus", " Promyxobacterium fla- 
vum", and “Sporocytophaga cauliformis" were all, except the lat- 
ter, represented by a single, poorly investigated strain and their 
names had not been validly published. Hence, pending further 
research and isolation of additional strains, it was decided not to 
formally describe novel Flavobacterium species for these organ- 
isms and to refer to them merely as “Flavobacterium sp.". The 
only strain of “Cytophaga xantha" was later included in a study 
of Antarctic isolates and formally described as Flavobacterium 
xanthum (McCammon and Bowman, 2000); since then, novel 
strains have been isolated (Van Trappen et al., 2005). 

Hence, the genus Flavobacterium as it was defined in 1996 
comprised soil or freshwater, Gram-stain-negative, aerobic, glid- 
ing (except Flavobacterium branchiophilum) organisms that con- 
tained menaquinone MK-6 as the major respiratory quinone, 
produced yellow non-diffusible pigments and catalase, and 
had very similar fatty acid profiles; Flavobacterium strains were 
unable to grow on seawater-containing media (except /lavobac- 
lerium flevense) or hydrolyze crystalline cellulose; the DNA G+C 
content was 32-37 mol% and the optimum temperature range 
was 20-30°C (except Flavobacterium psychrophilum). The genus 
contained Flavobacterium aquatile and the following nine other 
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species: Hlavobacterium branchiophilum, Flavobacterium columnare, 
Flavobacterium flevense, Flavobacterium hydatis, Flavobacteriwm john- 
soniae, Flavobacterium pectinovorum, Flavobacterium psychrophilum, 
Flavobacterium | saccharophilum, and Flavobacterium | succinicans 
(Bernardet et al., 1996). Sixteen additional species had been 
described at the time of publication of the most recent review 
on the genus (Bernardet and Bowman, 2006). Description of 
the following 14 novel species have been published since then: 
Flavobacterium denitrificans (Horn et al., 2005), Flavobacterium fri- 
gidimaris (Nogi et al., 2005b), Flavobacterium croceum (Park et al., 
20062), Flavobacterium daejeonenseand Flavobacterium suncheonense 
(Kim et al., 20062), Flavobacterium glaciei (Zhang et al., 2006), 
Flavobacterium indicum (Saha and Chakrabarti, 2006), Flavobac- 
terium saliperosum (Wang et al., 2006), Flavobacterium segetis and 
Flavobacteriwm weaverense (Yi and Chun, 2006), Flavobacteriwm soli 
(Yoon et al., 2006d), Flavobacterium defluvii (Park et al., 2007), 
and Flavobacterium aquidurense and Flavobacterium | hercynium 
(Cousin et al., 2007). Hence, the genus currently comprises 40 
species with validly published names. The description of several 
other Flavobacterium species is pending and it is likely that some 
of the organisms affiliated to the genus Flavobacteriwum reported 
from investigations of various environments (e.g., Kisand et al., 
2002; Zdanowski et al., 2004; Gich et al., 2005; Green et al., 2006; 
Kim et al., 2006b; Mànnistó and Haggblom, 2006; O'Sullivan 
et al., 2006; Vishnivetskaya et al., 2006; Cheng and Foght, 2007) 
will ultimately be formally described. 

As the genus Flavobacterium progressively expanded, some of 
the recently described species have proved to share only mod- 
erate 16S rRNA gene sequence similarity with other members 
of the genus. For instance, /lavobacterium croceum, Flavobacte- 
rium saliperosum, and Flavobacterium indicum share 94, 93.3, and 
92.1% 16S rRNA gene sequence similarity, respectively, with the 
type and only strain of the type species, Mavobacterium aquatile 
(Park et al., 2006a; Saha and Chakrabarti, 2006; Wang et al., 
2006). Sequence similarity values as low as 89-92.5% with other 
Flavobacterium species have been reported for Flavobacterium 
saliperosum and Flavobacterium suncheonense (Kim et al., 2006a; 
Wang et al., 2006). As a consequence, Flavobacterium columnare, 
Flavobacterium | croceum, Flavobacterium indicum, Flavobacterium 
saliberosum, Flavobacterium suncheonense, and “Flexibacter auran- 
liacus subsp. excathedrus" form a distinct, smaller branch in the 
phylogenetic tree compared to all other Mavobacterium species 
(Figure 27) and this branching is supported by very high boot- 
strap values. However, 16S rRNA gene sequence similarity values 
within this smaller branch are moderate to low. For instance, 
Flavobacterium columnare, Flavobacterium croceum, Flavobacterium 
saliperosum, and Flavobacterium suncheonense share about 93-94% 
sequence similarity and the sequence similarity between Fla- 
vobacterium indicum and Flavobacterium columnare is as low as 90% 
(Kim et al., 2006a; Park et al., 2006a; Saha and Chakrabarti, 
2006; Wang et al., 2006). Consequently, it would most likely be 
impossible to include all these species into a single new genus 
if it was decided to remove them from the genus Mavobacterium. 
Moreover, it has not been possible to identify common features 
shared by these organisms that would support their differen- 
tiation from members of the main branch. Because fatty acid 
profiles of llavobacteriwum species have been determined using 
different procedures and different cultural conditions (see Cell- 
wall composition, above), it has unfortunately been impossible 
to compare the fatty acid profiles of the different clusters and 
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branches currently grouped in the genus. Hence, members 
of the smaller branch should preferably be maintained in the 
genus Flavobacterium pending further studies. 

As shown in Figure 27, the branching pattern of the various 
16S rRNA gene sequences available for Flavobacterium columnare 
strains clearly shows the three genomic groups (genomovars) 
repeatedly reported in this species (Arias et al., 2004; Darwish 
and Ismaiel, 2005; Schneck and Caslake, 2006; Triyanto and 
Wakabayashi, 1999a, b). Distinct 16S rRNA restriction pat- 
terns and particular signatures in the 16S rRNA gene sequence 
further support delineation of these groups (Triyanto and 
Wakabayashi, 1999a). The type strain and strain FK 401 belong 
to genomic group I, strains IAM 14820 and LP 8 to genomic 
group II, and strain IAM 14821 to genomic group III. 16S rRNA 
gene sequence similarities and DNA-DNA relatedness among 
members of genomic group I were 99.4-99.8% and 83-93%, 
respectively, whereas sequence similarities and DNA-DNA 
relatedness between representatives of groups I and II were 
98.0-98.2% and 44-73%, respectively. The only representative 
of group III included in the study shared 96.5-97.2% sequence 
similarity and 45-70% DNA relatedness with members of the 
other groups (Triyanto and Wakabayashi, 1999a). Slightly 
lower values were reported by Schneck and Caslake (2006), 
with 97.9-98.7% 16S rRNA gene sequence similarity among 
members of genomic group I and 95.8-96.6% sequence simi- 
larity between representatives of groups I and III. However, 
these studies have failed to uncover a correlation between the 
genomic groups and either the temperature of isolation, the 
fish host, or the geographic origin. Furthermore, no pheno- 
typic evidence has yet been found to support the splitting of Fla- 
vobacterium columnare into three different species or subspecies. 

Taxonomic and nomenclatural issues in the genus Favobac- 
terium are dealt with by the Subcommittee on the Taxonomy of 
Flavobacterium and Cytophaga-like Bacteria of the International 
Committee on Systematics of Prokaryotes. The subcommittee 
has issued minimal standards for describing new taxa of the 
family Flavobacteriaceae (Bernardet et al., 2002). 

It should be noted that the descriptions of each of 21 Fla- 
vobacterium species  (l'lavobacterium aquatile, Flavobacterium 
antarcticum, Flavobacteriwm croceum, Flavobacterium daejeonense, 
Flavobacterium defluvii, Flavobacterium denitrificans, Flavobacterium 
flevense, Flavobacterium frigidarium, Flavobacterium frigidimaris, Fla- 
vobacterium gillisiae, Flavobacterium glaciei, Flavobacterium granuli, 
Flavobacterium indicum, Flavobacterium omnivorum, Flavobacterium 
saliperosum, Flavobacterium segetis, Flavobacterium soli, Flavobac- 
terium | suncheonense, Flavobacterium | weaverense, Flavobacterium 
xanthum and Flavobacterium xinjiangense) of the 40 species with 
validly published names was based on a single isolate, even 
though additional strains of Flavobacterium xanthum were subse- 
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quently isolated (Van Trappen et al., 2005). Descriptions of all 
these species, apart from Flavobacterium aquatile and Flavobacte- 
rium flevense, were published between 2001 and 2007, although 
the practice of single-strain description had been discouraged 
repeatedly (Bernardet et al., 2002; Christensen et al., 2001). 
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Further reading 


Website of the International Committee on Systematics of 
Prokaryotes (ICSP) Subcommittee on the Taxonomy of Fla- 
vobacterium and Cytophaga-like Bacteria (http://www.the-icsp. 
org/subcoms/Flavobacterium_Cytophaga.htm) 


Differentiation of species of the genus Flavobacterium 


Characteristics that differentiate species of the genus are listed 
in Table 24. Chemotaxonomic and molecular methods have 
also been evaluated for their ability to differentiate Flavobacte- 
rium species. Provided identical culture conditions are used, 
fatty acid profiles may be used to characterize some Flavobacte- 
rium species, e.g., l'lavobacterium columnare (see Cell-wall composi- 
lion, above). However, most of the fatty acid clusters delineated 
in a collection of polar Flavobacterium isolates actually contained 
multiple taxa, as shown by rep-PCR fingerprinting (Van Trap- 
pen et al., 2003, 2002). For instance, all strains of Flavobacte- 
rium frigoris, Flavobacteriwm fryxellicola, Flavobacteriwm micromati, 
Flavobacterium psychrolimnae, and Flavobacterium xanthum strains 
and most Flavobacterium degerlachei strains belonged to the same 
fatty acid cluster, whereas all 22 strains of Flavobacterium gelidi- 
lacus belonged to a different cluster (Van Trappen et al., 2002, 
2003, 2004b, 2005). Strains sharing identical rep-PCR profiles 
were closely related, although not always at the species level. 
This technique allowed either differentiation of Flavobacterium 
species from each other or intraspecies typing. For instance, 
species-specific rep-PCR profiles were found in Flavobacterium 
degerlachei, Flavobacterium micromati, Flavobacterium | fryxellicola, 
and Flavobacterium psychrolimnae, whereas two or three different 
rep-PCR profiles occurred in Flavobacterium frigoris and Flavobac- 
terium gelidilacus (Van Trappen et al., 2003, 2004b, 2005). 


List of species of the genus Flavobacterium 


Preliminary note. All species with validly published names included 
in the genus Flavobacterium in the previous edition of the Manual 
(Holmes et al., 1984c) and in Holmes (1992), except Flavobac- 
terium aquatile, have been reclassified in other or new genera. 
They are currently known under the following names: Chryseobac- 
terium balustinum, Chryseobacterium gleum, Chryseobacterium indolo- 
genes, Chryseobacterium indoltheticum, Elizabethkingia meningoseptica, 
Empedobacter brevis, Myroides odoratus, Sphingobacterium multivorum, 


Sphingobacterium spritivorum, and Sphingobacterium thalpophilum 
(see the corresponding chapters in this volume; Takeuchi and 
Yokota, 1992; Vandamme et al., 1994a; Vancanneyt et al., 1996; 
Yabuuchi et al., 1983; Kim et al., 2005b). According to Takeuchi 
and Yokota (1992), Flavobacterium yabuuchiae (Holmes et al., 
1988) is a later heterotypic synonym of Sphingobacterium spiritivo- 
rum (Holmes et al., 1982; Yabuuchi et al., 1983). Described by 
Yabuuchi et al. (1983), Sphingobacterium mizutae was transferred 
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to the genus Flavobacterium by Holmes et al. (1988) under the 
name /lavobacterium mizutai; however, this organism has been 
clearly assigned to the genus Sphingobacterium in recent publica- 
tions (see treatment of the genus Sphingobacterium; Gherna and 
Woese, 1992; Kim et al., 2006a). 

Most bacterial species included in the Flavobacterium chap- 
ters of the 7th and 8th editions of the Manual (Weeks, 1974; 
Weeks and Breed, 1957) and considered species incertae sedis 
by Holmes et al. (1984c) have also been reclassified. They are 
currently known under the following names: Halomonas hal- 
mophila, Microbacteriwm. esteraromaticum, Microbacterium maritypi- 
cum, Novosphingobium capsulatum, Novosphingobium resinovorum, 
Pedobacter heparinus, Planomicrobium | okeanokoites, Psychroflexus 
gondwanensis, Salegentibacter salegens, Terrimonas ferrigunea, and 
Zobellia uliginosa (see the corresponding chapters in this edi- 
tion of the Manual). According to Yabuuchi et al. (1979) and 
to the catalogs of the major culture collections, the type and 
only strain of [Flavobacterium] devorans should be assigned to 
Sphingomonas paucimobilis. Among the species incertae sedis listed 
in the previous edition of the Manual (Holmes et al., 1984c) 
[Flavobacterium] acidificum, | Flavobacterium] acidurans, | Flavobac- 
terium] oceanosedimentum, and  [Flavobacterium] | thermophilum 
have still not been assigned to other genera. Their names have 
been either included in the Approved Lists of Bacterial Names 
(Skerman et al., 1980) or validly published. Strains are avail- 
able in culture collections, but 16S rRNA sequences are not. 
The reasons for excluding these poorly characterized species 
from the genus Flavobacterium have been given by Holmes et al. 
(1984c) and Holmes (1993). 

The name *"Flavobacterium aureum” had been proposed, 
although not validly published, for Flavobacteriumstrains of CDC 
group IIb by Price and Pickett (1981). These strains have later 
been transferred to the genus Chryseobacterium (see the cor- 
responding chapter in this volume). A bacterium responsible 
for hemorrhagic septicemia in farmed bullfrog in Taiwan had 
received the provisional name “Flavobacterium ranacida" (Faung 
et al., 1996 and references therein); this organism and similar 
isolates from other frog species were later identified as Eliza- 
bethkingia meningoseptica (previously Chryseobacterium meningosep- 
ticum; Bernardet et al., 2005). Strain NRRL B-184, tentatively 
named “Flavobacterium aurantiacum”, is able to remove aflatoxin 
from peanut milk (Diarra et al., 2005). According to the online 
catalog of the Agricultural Research Service Culture Collection 
(USA), it is actually a strain of Rhodococcus corynebacteroides (pre- 
viously Nocardia corynebacteroides) . " Flavobacterium chlorophenolica" 
ATCC 39723, isolated from pentachlorophenol-contaminated 
soil in Minnesota, can mineralize pentachlorophenol at con- 
centrations of 100-200 mg/l. This organism, which has been 
the subject of many publications since 1985, has recently been 
reclassified in the genus Sphingomonas on the basis of its 16S 
rRNA gene sequence (Nohynek et al., 1995). 

Editorial note: the following novel species have been added 
to the genus Flavobacterium after this chapter was completed 
and their names have been validly published in the International 
Journal of Systematic and Evolutionary Microbiology: Flavobacteriwm 
terrigena (Yoon et al., 2007a), Flavobacterium terrae and Flavobacte- 
rium cucumis (Weon et al., 2007), Flavobacterium filum (Ryu et al., 
2007), Flavobacterium ceti (Vela et al., 2007), Flavobacterium lin- 
danitolerans (Jit et al., 2008), Flavobacterium cheniae (Qu et al., 
2008) and Flavobacterium anhuiense (Liu et al., 2008). 
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A complete list of organisms currently belonging to the genus 
or that were previously attributed to it are available in the List 
of Prokaryotic Names with Standing in Nomenclature (LPSN) 
(Euzéby, 1997; http:/ /www.bacterio.cict.fr/). This list also pro- 
vides the current taxonomic status and standing in nomen- 
clature of the taxa that were subsequently excluded from the 
genus Flavobacterium. For instance, according to the LPSN, the 
name “Flavobacterium farinofermentans" Bai (1983) has no stand- 
ing in nomenclature. 


1. Havobacterium aquatile (Frankland and Frankland 1889) 
Bergey, Harrison, Breed, Hammer and Huntoon 1923, 100^- 
emend. Bernardet, Segers, Vancanneyt, Berthe, Kersters 
and Vandamme 1996, 140%" [Bacillus aquatilis Frankland 
and Frankland 1889, 381; Bacterium aquatilis (Frankland 
and Frankland 1889) Chester 1897, 96; Flavobacterium aqua- 
lilis (Frankland and Frankland 1889) Bergey, Harrison, 
Breed, Hammer and Huntoon 1923, 100; Chromobacterium 
aquatilis (Frankland and Frankland 1889) Topley and Wil- 
son 1929, 404; Empedobacter aquatile (Frankland and Frank- 
land 1889) Brisou, Tysset and Jacob 1960, 359] 


a.qua'ti.le. L. neut. adj. aquatile living in water. 


Rods, approximately 0.5—0.7 x 1.0-3.0 pm; longer rods 
and filaments also occur. Colonies on agar media at 25-30*C 
are light yellow in color, circular with entire edges, even on 
Anacker and Ordal's agar on which gliding bacteria usually 
produce spreading colonies. At 15—20°C, colonies are bright 
orange with a mucoid consistency. Growth does not occur 
at 37°C. Catalase-positive. Peptones are used as nitrogen 
sources, but urea and Casamino acids are not. Tributyrin 
and lecithin are hydrolyzed. Indole is not produced. Acid 
but no gas is produced aerobically from glucose, lactose, 
maltose, and sucrose, but not from arabinose, cellobiose, 
ethanol, fructose, mannitol, raffinose, rhamnose, salicin, 
trehalose, or xylose (Holmes et al., 1984c; Wakabayashi 
et al., 1989). Resistant to the vibriostatic compound O/129 
(Bernardet et al., 1996). Other characteristics are as given 
in the genus description and in Tables 24 and 25. 

The long and complex history of this organism, its status 
as type species of the genus, the unique strain, and its much 
debated motility and status as neotype strain have been 
reviewed extensively (see Taxonomic comments, above, as well 
as: Weeks, 1955, 1981; Holmes and Owen, 1979; Holmes 
et al., 1984c; Holmes, 1992). Perry (1973) observed gliding 
motility in hanging drop preparations and on agar plates 
on which he had added small glass beads (although the 
strain did not produce spreading growth on agar, as most 
gliding bacteria do), but his view was not shared by other 
authors (Holmes et al., 1984c and references therein). 
Consequently, the ability of Flavobacterium aquatile to glide 
still has to be unequivocally established. Using recom- 
mended techniques (Bernardet et al., 2002), gliding motil- 
ity was not observed (J.-F. Bernardet, personal observation). 
The pseudoflagella and nonfunctional flagella initially 
reported were later shown by electron microscopy to be 
non-flagellar appendages similar to those found on several 
gliding bacteria (Holmes and Owen, 1979; Holmes et al., 
1984c and references therein). Although originally reported 
to contain ubiquinones (Callies and Mannheim, 1978), 
Flavobacterium aquatile was later shown to contain MK-6 as its 
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major respiratory quinone (Oyaizu and Komagata, 1981), 
as do all members of the family Flavobacteriaceae. 

Source: the only available strain has purportedly been 
isolated from the water of the same deep well in the chalk 
region of Kent, England, as the original organism. 

DNA G+C content (mol % ): 32-33 (T). 

(Neo)type strain: Taylor F36, ATCC 11947, CCUG 29304, 
CIP 103744, DSM 1132, IAM 12316, IFO (now NBRC) 
15052, LMG 4008, NCIMB 8694, NCTC 9758. 

Sequence accession no. (16S rRNA gene): M62797. 

Note: the erroneous page number in Chester (1897) used 
in previous publications has been corrected thanks to G.D. 
Wiens who traced and provided the original paper. 


. Flavobacterium antarcticum Yi, Oh, Lee, Kim and Chun 
2005a, 640%" 


ant.arc'ti.cum. L. neut. adj. antarcticum southern and, by 
extension, pertaining to Antarctica. 


Rods, approximately 0.3-0.4 x 0.5-1.3 pm, frequently 
forming pairs. Although gliding motility was not reported 
in the original description, cells distinctly gliding and rotat- 
ing have been observed in 48-h-old cultures in Anacker and 
Ordal’s broth and tryptic soy broth (J.-F. Bernardet, per- 
sonal observation). Movements are special, however, being 
shorter but sharper than those of other gliding Flavobac- 
terium strains. Colonies on R2A agar are circular, convex, 
glistening, and yellow with entire margins. The consistency 
is butyrous, becoming mucoid after prolonged incubation. 
In addition to the media listed in Table 24, growth occurs 
on R2A agar, but not on cetrimide or MacConkey agars. 
Growth is aerobic (minimum doubling time, 4.9 h), but 
weak and poor growth was also observed under microaero- 
bic and anaerobic conditions, respectively. 

Catalase-positive. Arginine dihydrolase activity is present, 
but phenylalanine deaminase activity is absent. Indole is 
not produced and alkalinization does not occur on Chris- 
tensen’s citrate agar. Acid is produced from glucose and 
maltose, but not from arabinose, cellobiose, fructose, lac- 
tose, mannitol, raffinose, rhamnose, salicin, sucrose, treha- 
lose, or xylose. The list of enzymic activities detected in the 
API ZYM gallery is given in the original description. None 
of the compounds contained in the API 20NE gallery is 
assimilated. No precipitate is formed on egg-yolk agar, but 
the colonies are surrounded by clear zones. Elastin is not 
degraded. The maximum adsorption peak of the pigment 
is at 452 nm and the next shoulder peak is at 479 nm. Other 
characteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. 

Source: the type and, so far, only strain was isolated from 
a soil sample of a penguin habitat near the King Sejong Sta- 
tion on King George Island, Antarctica. 

DNA G+C content (mol% ): 38.0 (HPLC). 

Type strain: AT1026, CIP 108750, IMSNU 14042, JCM 
12383, KCTC 12222. 

Sequence accession no. (16S rRNA gene): AY581113. 


. Havobacterium aquidurense Cousin, Pauker and Stack- 
ebrandt 2007, 247” 


a.qui.du.ren'se. L. fem. n. aqua water; L. adj. durus hard; 
L. suff. -ensis, -e suffix used with the sense of belonging to 


or coming from; N.L. neut. adj. aquidurense pertaining to 
hard water. 


Rods, approximately 0.9 x 2.8 pm. Colonies on R2A, 
nutrient, and tryptic soy agars are 1-2.2 mm in diameter, 
yellow, circular, convex, and spreading with filamentous 
margins (R2A agar), non-spreading with undulate mar- 
gins (tryptic soy agar), or umbonate with undulate margins 
(nutrient agar). Larger (3-8 mm), flat, spreading colonies 
with filamentous margins are formed on DSMZ medium 67. 
No growth occurs on MacConkey agar. Growth is aerobic 
and microaerobic. 

Catalase-positive. Indole is not produced. Characteristics 
included in API ZYM, API 20NE, and GN MicroPlate gal- 
leries are given in the original description. The following 
biochemical characteristics are strain-dependent: nitrate 
reduction and utilization of N-acetyl-p-galactosamine, L-ara- 
binose, p-cellobiose, D-fructose, D-galactose, a-D-lactose, 
melibiose, sucrose, trehalose, turanose, methyl pyruvate, 
L-alaninamide, L-alanine, and glycyl-L-aspartic acid. Other 
characteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. 

Source: the spring of the Westerhófer Bach, a hard-water 
creek from the western slopes of the Harz Mountains, in 
Westerhof, 40 km north of Gottingen, Germany. Five strains 
were isolated and characterized, but only the type strain was 
deposited in culture collections. 

DNA G«C content (mol % ): 33.5 (T). 

Type strain: Cousin WB 1.1-56, CIP 109242, DSM 18293. 

Sequence accession no. (16S rRNA gene): AM177392. 


. Havobacterium — branchiophilum corrig. Wakabayashi, 


Huh and Kimura 1989, 215° emend. Bernardet, Segers, 
Vancanneyt, Berthe, Kersters and Vandamme 1996, 140. 


bran.chi.o.phi'lum. Gr. n. branchion gill; Gr. adj. philos loving; 
N.L. neut. adj. branchiophilum gill loving. 


The original spelling of the specific epithet, branchiophila 
(sic), was corrected by von Graevenitz (1990). 

Rods, approximately 0.5 x 5.0-8.0 pm. Filamentous cells 
15-40 pm long also occur. Mavobacterium branchiophilum is 
one of the most fastidious l'lavobacteriunspecies (J.-F. Bernar- 
det, personal observation). No growth occurs on tryptic soy, 
nutrient, or Mueller-Hinton agars. Growth is distinctly bet- 
ter on plain Anacker and Ordal’s agar than on the enriched 
version that contains 5 g/l tryptone instead of 0.5 g/l and 
is commonly used for growing other fish pathogens. Other 
convenient media are modified Shieh's agar (Song et al., 
1988), Microcyclus-Spirosoma agar (NCIMB medium 81), 
and medium for freshwater flexibacteria (NCIMB medium 
218; Lewin, 1969). The best growth is achieved on casitone 
yeast extract agar (NCIMB medium 101) at 20-25*C (J.-F. 
Bernardet, unpublished data). 

Catalase-positive. Acid but no gas is produced aerobi- 
cally from cellobiose, fructose, glucose, maltose, raffinose, 
sucrose, and trehalose, but not from arabinose, lactose, 
mannitol, rhamnose, salicin, or xylose. Tributyrin and 
lecithin are degraded. Indole is not produced. The list of 
substrates hydrolyzed in the API ZYM gallery is given in 
the original description and in Bernardet et al. (1996). 
Susceptible to the vibriostatic compound O/129 (Bernardet 
et al., 1996). Other characteristics are as given in the genus 
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and original species descriptions and in Tables 24 and 25. 
A DNA G4C content range of 29-31 mol% was originally 
reported (Wakabayashi et al., 1989), but subsequent inves- 
tigation of six strains yielded a range of approximately 
38-84 mol% (Bernardet et al., 1996; J.-F. Bernardet, unpub- 
lished data). 

Source: diseased gills of various freshwater fish species 
(mainly salmonids). This organism is the main causal agent of 
bacterial gill disease of fish in Japan, Republic of Korea, Hun- 
gary, Oregon (USA), and in Ontario (Canada) (Bernardet 
and Bowman, 2006). The type strain was isolated in 1977 
from the gills of a diseased fingerling yamame (Oncorhynchus 
masou) from a hatchery in Gumma Prefecture, Japan. 

DNA G+C content (mol % ): 32.5-34.2 (T). 

Type strain: Wakabayashi BGD-7721, ATCC 35035, CCUG 
33442, CIP 103527, IFO (now NBRC) 15030, LMG 13707, 
NCIMB 12904. 

Sequence accession no. (16S rRNA gene): D14017. 


. Flavobacterium columnare (Bernardet and Grimont 1989) 


Bernardet, Segers, Vancanneyt, Berthe, Kersters and 
Vandamme 1996, 140%” [Bacillus columnaris Davis 1922, 263; 
Chondrococcus columnaris (Davis 1922) Ordal and Rucker 
1944, 18; Cytophaga columnaris (Davis 1922) Garnjobst 1945, 
127 and Reichenbach 1989b, 2046; Flexibacter columnaris 
(Davis 1922) Leadbetter 1974, 107 and Bernardet and 
Grimont 1989, 352] 


co.lum.na're. L. neut. adj. columnare rising as a pillar, refer- 
ring to the shape of the aggregates formed by the bacteria 
on external lesions of infected fish. 


Rods, approximately 0.3-0.5 x 3.0-10.0 pm in 48-h-old 
broth cultures; filamentous cells up to 25 pm occur. Colonies 
best display their typical flat, spreading, and rhizoid mor- 
phology on Anacker and Ordal’s agar; they are greenish- 
yellow and adhere strongly to the agar (see Colonial or 
cultural characteristics, above). Some colonies have a raised, 
globular, or warty center. Different colony types (i.e., more 
or less rhizoid) may coexist on the same plate. In agitated 
Anacker and Ordal’s broth cultures, numerous filamentous 
tufts of bacteria adhere to the glass and/or to the magnet. 
The particular odor of Flavobacterium columnare cultures has 
been repeatedly reported. Growth does not occur on nutri- 
ent agar (J.-F. Bernardet, personal observation), contrary 
to the report by Reichenbach (1989b). Growth at 37°C is 
strain-dependent. Flavobacterium columnare is the only Fla- 
vobacterium species whose colonies unequivocally adsorb 
Congo red; the Congo red-staining material has been 
shown to be an extracellular galactosamine glycan in the 
slime (Johnson and Chilton, 1966). Electron microscopy 
and biochemical studies have revealed the presence of a 
capsule that is thicker and denser in highly virulent strains 
than in low virulence ones (Decostere et al., 1999). 

Catalase-positive. Arginine dihydrolase and lysine and 
ornithine decarboxylase activities are absent. Actively pro- 
teolytic. Different types of extracellular proteases have 
been identified; in combination with enzymes degrading 
the complex acidic polysaccharides of connective tissue 
(e.g., chondroitin sulfate and hyaluronic acid), they play 
a major role in the extensive skin and muscular necrotic 
lesions displayed by diseased fish (see comments below for 


Flavobacterium psychrophilum). Peptones and casein hydro- 
lysate serve as nitrogen sources, but NH,’ and NO, do not. 
No acid is produced from carbohydrates. Tributyrin and 
lecithin are hydrolyzed. Starch degradation is medium- 
dependent: itis negative on 0.2% starch Anacker and Ordal’s 
agar (Bernardet and Grimont, 1989), but positive on 0.2% 
starch Hsu-Shotts agar (Shamsudin and Plumb, 1996; Shoe- 
maker et al., 2005). This point has been confirmed recently 
by testing ten strains in parallel on both media 
(C. Shoemaker, personal communication). The antibiotics 
to which Flavobacterium columnare are resistant and the 
substrates it hydrolyzes in the API ZYM gallery are listed in 
Bernardet and Grimont (1989) and Bernardet et al. (1996). 
Susceptible to the vibriostatic compound O/129 (Bernar- 
det et al., 1996). Other characteristics are as given in the 
genus description and in Tables 24 and 25. Additional infor- 
mation can be found in Reichenbach (1989b), Bernardet 
and Grimont (1989), and Bernardet et al. (1996). 

Three different genomic groups (genomovars) have 
been reported in Flavobacterium columnare (see Taxonomic 
comments, above), but the species has not been split due to 
the lack of phenotypic characteristics to differentiate them. 
Strain ATCC 43622 was erroneously considered a Flavobac- 
terium columnare strain as shown by 16S rRNA and fatty acid 
data (McCammon et al., 1998; Shoemaker et al., 2005); it 
may actually belong to Flavobacterium johnsoniae (Darwish 
et al., 2004). Unfortunately, this strain has been used to 
characterize the glycopeptides of Mavobacterium colum- 
nare that may provide target molecules for fish vaccines 
(Vinogradov et al., 2003) and its 16S rRNA gene sequence 
has been used to infer phylogenetic relationships and to 
design PCR primers aimed at detecting and identifying 
Flavobacterium columnare strains (Bader and Shotts, 1998; 
Bader et al., 2003; Toyama et al., 1996). 

Flavobacterium columnareis the causal agent of “columnaris 
disease" and is recognized as an important fish pathogen 
in temperate to warm freshwater worldwide, causing seri- 
ous economic losses in a considerable variety of farmed and 
wild, food and ornamental fish. Virulence for fish has been 
demonstrated experimentally. For recent reviews on the 
bacterium and the infection it causes, see Austin and Aus- 
tin (1999), Shotts and Starliper (1999), and Bernardet and 
Bowman (2006). No type strain had been designated and 
only strain NCIMB 10387 was available in culture collections 
at the time when Reichenbach was writing the Flavobacterium 
chapter for the first edition of Bergey’s Manual of Systematic 
Bacteriology. This strain was isolated in 1955 from the kidney 
of a diseased chinook salmon (Oncorhynchus tschawytcha) 
from the Snake River, WA, USA. However, because strain 
NCIMB 1038" had lost the typical rhizoid and adherent 
colony morphology through repeated subcultures, Reichen- 
bach (1989b) proposed to use as a neotype a substrain 
(NCIMB 224851) that still displayed these characteristics. 

Source: external lesions (and less frequently from internal 
organs) of diseased fish. 

DNA G+C content (mol % ): 32-33 (T. , Bd). 

(Neo)type strain: 1-S-2cl (Anacker and Ordal, 1955), ATCC 
23463, CIP 103531, IAM 14301, LMG 10406, LMG 13035, 
NBRC 100251, NCIMB 1038, NCIMB 2248. The type strain 
belongs to genomovar 1. 
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Sequence accession no. (16S rRNA gene) Genomovar 
1: AB078047 (type strain), AB010952 (strain FK 401). 
Genomovar 2: AB016515 (strain IAM 14820), AB015480 
(strain LP 8). Genomovar 3: AB015481 (strain IAM 14821). 

Reference strains: Genomovar 1: JIP 39/87 (ATCC 
49513, CIP 103532), JIP 44/87 (ATCC 49512, CIP 
103533). Genomovar 2: Wakabayashi EK28 (IAM 14820). 
Genomovar 3: Wakabayashi PH 97028 (IAM 14821, JCM 
21327). 


. Flavobacterium croceum Park, Lu, Ryu, Chung, Park, Kim 
and Jeon 2006a, 2445." 


cro’ce.um. L. neut. adj. croceum saffron-colored, yellow. 


Straight or slightly curved rods, approximately 0.3- 
0.5 x 1.0-3.2 pm. Colonies on R2A agar are yellow, slightly 
raised, and circular with entire margins. Growth is severely 
inhibited by NaCl concentrations above 1%. Weak anaero- 
bic growth occurs only after 16 d on R2A agar. 

Catalase-negative. Arginine dihydrolase and lysine and 
ornithine decarboxylase activities are absent. Xanthine and 
hypoxanthine are not hydrolyzed. Indole is not produced. 
Citrate is not utilized. Acid is produced from L-arabinose, 
D-glucose, myo-inositol, lactose, melibiose, and raffinose, but 
not from D-fructose, D-galactose, D-mannitol, D-mannose, 
arbutin, or salicin. Enzymic activities detected in the API 
ZYM gallery and antibiotic resistances are listed in the origi- 
nal description. The major polar lipid is phosphatidyle- 
thanolamine; minor amounts of phosphatidylglycerol and 
phosphatidylcholine are also present. Other characteristics 
are as given in the genus and original species descriptions 
and in Tables 24 and 25. 

Source: sludge that performed enhanced biological phos- 
phorus removal in a laboratory-scale sequencing batch 
reactor (Republic of Korea); sodium acetate was supplied 
as sole carbon source. 

DNA G+C content (mol % ): 40.8 (HPLC). 

Type strain: EMB47, DSM 17960, KCTC 12611. 

Sequence accession no. (16S rRNA gene): DQ372982. 


. Flavobacterium daejeonense Kim, Weon, Cousin, Yoo, 
Kwon, Go and Stackebrandt 2006a, 1647" 


da.e.je.o.nen'se. N.L. neut. adj. daejeonense of or belonging 
to Daejeon, a city in the Republic of Korea, from where the 
type strain was isolated. 


Rods, approximately 0.5 x 2.0-3.0 pm. Colonies on R2A 
agar are yellow, convex, and circular with entire margins. 
No growth occurs on MacConkey agar. 

Catalase-positive. Arginine dihydrolase activity is absent. 
Indole is not produced. p-Glucose, L-arabinose, D-mannose, 
and maltose are assimilated, but D-mannitol, Nacetylglu- 
cosamine, potassium gluconate, capric acid, adipic acid, 
malic acid, trisodium citrate, and phenylacetic acid are not. 
Enzymic activities detected in the API ZYM gallery are listed 
in the original description. In the API 50CH gallery, acid 
is produced from L-arabinose, D-xylose, D-galactose, p-glu- 
cose, D-fructose, D-mannose, esculin, maltose, p-actose, 
melibiose, sucrose, inulin, and raffinose. Other character- 
istics are as given in the genus and species descriptions and 
in Tables 24 and 25. 


Source: greenhouse soil, Daejeon city, Republic of Korea. 
DNA G+C content (mol% ): 35.0 (HPLC). 

Type strain: GH1-10, DSM 17708, KACC 11422. 

Sequence accession no. (16S rRNA gene): DQ222427. 


8. Flavobacterium defluvii Park, Ryu, Vu, Ro, Yun and Jeon 


2007, 235V* 
de.flu'vi.i. L. gen. n. defluvii of sewage. 


Rods, approximately 0.4—0.5 x 2.3-6.5 pm. Some cells 
show a knar. Colonies on R2A agar are pale yellow, glisten- 
ing, translucent, irregular, slightly raised with curled mar- 
gins, and slightly sticky. Growth in R2A broth is severely 
inhibited by the addition of more than 2% NaCl. Good 
growth occurs on Luria-Bertani agar. Anaerobic growth 
is not observed after 7 d at 30°C on R2A agar, but weak 
growth occurs after 16 d. Because the strain is unable to 
reduce nitrate to nitrite and consequently grow by anaer- 
obic respiration using nitrate or nitrite as an electron 
acceptor, it probably grows anaerobically by fermenting 
carbohydrates. 

Catalase-positive. Tyrosine is not hydrolyzed, contrary to 
the statement in Table 1 of the original description (C.O. 
Jeon, personal communication). Indole and acetoin are 
not produced. Citrate is not utilized. Acid is produced from 
L-arabinose, arbutin, D-fructose, D-galactose, D-glucose, lac- 
tose, D-mannitol, D-mannose, melibiose, myo-inositol, and 
raffinose, but not from salicin. Enzymic activities detected 
in the API ZYM gallery and antibiotic resistances are listed 
in the original description. The major polar lipid is phos- 
phatidylethanolamine. Other characteristics are as given in 
the genus and original species descriptions and in Tables 
24 and 25. 

Source: sludge that performed enhanced biological phos- 
phorus removal in a laboratory-scale sequencing batch reac- 
tor (Pohang, Republic of Korea). 

DNA G+C content (mol % ): 33.5 (HPLC). 

Type strain: Park EMB117, DSM 17963, KCTC 12612. 

Sequence accession no. (16S rRNA gene): DQ372986. 


. Flavobacterium degerlachei Van Trappen, Vandecande- 


laere, Mergaert and Swings 2004b, 89V" 


de.ger.lache’.i. N.L. masc. gen. n. degerlachei of de Gerlache, 
named after Adrien de Gerlache, the Belgian pioneer who 
conducted the first scientific expedition in Antarctica in 
1897-1899. 


Rods, approximately 1 x 3-4 pm, frequently forming 
pairs or short chains. Although gliding was not reported 
in the original description, gliding and rotating cells have 
been observed distinctly in a 48-h-old R2A broth culture 
(J.-F. Bernardet, personal observation). Colonies on R2A 
agar are yellow, convex, translucent with entire margins, 
non-adherent, and 1-3 mm in diameter after 6 d. 

Catalase-positive. Arginine dihydrolase, lysine and 
ornithine decarboxylase, and tryptophan deaminase 
activities are absent. Enzymic activities detected in the API 
ZYM gallery are listed in the original description. Glucose, 
mannose, and maltose are assimilated in the API 20NE 
gallery. Acid is not produced from carbohydrates in the 
API 20E gallery. Indole and acetoin are not produced. 
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Citrate is not utilized. Other characteristics are as given 
in the genus and original species descriptions and in 
Tables 24 and 25. 

Source: microbial mats from hyposaline to saline 
lakes in the Vestfold Hills and Larsemann Hills, eastern 
Antarctica. The 14 original isolates all belong to the same 
rep-PCR cluster, but are divided into two different fatty acid 
clusters. 

DNA G+C content (mol % ): 33.8-34.2 (HPLC). 

Type strain: Mergaert R-9106, AC23, CIP 108386, DSM 
15718, LMG 21915. 

Sequence accession nos (16S rRNA gene): AJ557886 (type 
strain), AJ441005 (strain LMG 21474). 


Flavobacterium denitrificans Horn, Ihssen, Matthies, 


Schramm, Acker and Drake 2005, 1263” 
de.ni.tri'fi.cans. N.L. part. adj. denitrificans denitrifying. 


Rods, approximately 0.3-0.9 x 0.8-5.0 pm, frequently 
forming chains of 3-14 cells. Cells may be connected by 
cellular bridges. Although motility was mentioned in the 
original description, the type of motility was not specified. 
Distinct though slow gliding and rotating movements, as well 
as spheroplasts, were observed in a 48-h-old Anacker and 
Ordal’s broth culture (J.-F. Bernardet, personal observa- 
tion). Colonies on tryptic soy agar are yellow to dark yellow, 
flat, circular to irregular, with entire margins. The doubling 
time under optimal conditions is 7.3 h. Facultatively anaero- 
bic growth occurs in mineral medium by complete denitrifi- 
cation. Membranes contain ctype cytochromes. 

Catalase-positive. Arginine dihydrolase activity is present. 
Lysine decarboxylase and phenylalanine deaminase activi- 
ties are absent. Indole is not produced. Arabinose, cellobi- 
ose, fructose, fumarate, gelatin, glucose, glutamate, inulin, 
lactose, maltose, mannitol, mannose, N-acetylglucosamine, 
pectin, starch, succinate, and xylose are utilized. 1-Butanol, 
1-propanol, acetate, butyrate, chitin, citrate, ethanol, etha- 
nolamine, glycerol, glycolate, isobutyrate, inositol, isoval- 
erate, lactate, oxalate, propionate, raffinose, sucrose, 
sorbitol, and tartrate are not utilized. Ammonium is used 
as a nitrogen source. O,, NO, and NO, are used as elec- 
tron acceptors. N,O is produced as an intermediate during 
the reduction of NO, to N,. SO," and Fe* are not used as 
electron acceptors. Does not grow by fermentation. Other 
characteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. The fatty acid compo- 
sition has been determined by Cousin et al. (2007). 

Source: gut of the earthworm Aporrectodea caliginosa col- 
lected from garden soil in Bayreuth, Germany. Because 
denitrifying bacteria retrieved from the gut are usually 
derived from the soil, the authors considered Flavobacterium 
denitrificans to be a soil organism (H.L. Drake, personal 
communication). 

DNA G+C content (mol96): 34.6 (HPLC). 

Type strain: ED5, ATCC BAA-842, CIP 109214, DSM 
15936. 

Sequence accession no. (16S rRNA gene): AJ318907. 


Flavobacterium flevense (van der Meulen, Harder and Veld- 
kamp 1974) Bernardet, Segers, Vancanneyt, Berthe, Kerst- 
ers and Vandamme 1996, 141V* ( Oytophaga flevensis van der 


12. 


Meulen, Harder and Veldkamp 1974, 340 and Reichenbach 
1989c, 2038) 


fle.ven'se. L. n. Flevum a former inner sea in the central part 
of The Netherlands which is now a freshwater lake called IJs- 
selmeer; N.L. neut. adj. flevense of or belonging to Flevum. 


Rods, approximately 0.5—0.7 x 2.0-5.0 pm; almost coc- 
coid in old cultures. Colonies are circular, low convex, sunk 
in the agar, and yellow-colored due to the production of 
carotenoid pigments. Spreading is observed occasionally 
after 1-2 weeks on nutrient agar. 

Catalase activity was originally reported as present. 
Reichenbach (1989b) considered it absent, whereas others 
have observed a distinctly positive reaction (J.-F. Bernardet, 
personal observation). Peptones, Casamino acids, NH 4, and 
NO, are used as N sources. Grows on peptone alone, but 
the presence of carbohydrates enhances growth. Tributyrin 
is hydrolyzed, but lecithin is not. Agar, agarose, arabinose, 
galactose, glucose, inulin, lactose, maltose, mannose, pec- 
tin, raffinose, rhamnose, sucrose, and xylose are assimilated. 
Cellobiose, fucose, ribose, trehalose, and alcohols are not 
assimilated. van der Meulen et al. (1974) and Reichenbach 
(1989b) found that starch was not degraded and that nitrate 
was reduced; opposite results, however, have been obtained 
by others (J.-F. Bernardet, personal observation). Indole is 
not produced. Resistant to novobiocin, penicillin G, poly- 
myxin B, and streptomycin; sensitive to chloramphenicol, 
tetracycline, erythromycin, nalidixic acid, nitrofurantoin, 
and sulfafurazole. Susceptible to the vibriostatic compound 
O/129 (Bernardet et al., 1996). Other characteristics are as 
given in the genus and original species descriptions and in 
Tables 24 and 25. Additional information can be found in 
Christensen (1977), Reichenbach (1989b), and Bernardet 
et al. (1996). 

Its ability to grow on media containing full-strength 
seawater and to degrade agar may suggest that Flavobac- 
terium flevense was originally a marine organism that has 
progressively adapted to freshwater conditions following 
the separation of its habitat (polders) from the sea (Reichen- 
bach, 1989b; Van der Meulen et al., 1974). A total of 25 
Gram-stain-negative, yellow-pigmented, agarolytic strains 
have been isolated from the IJsselmeer and habitats in con- 
tact with this lake, but only strain A-34" has been studied in 
detail and deposited in culture collections. 

Source: freshwater and wet soil collected in the IJsselmeer 
(an old bay in the North Sea) area, The Netherlands. 

DNA G+C content (mol % ): 33-34.9 (Bd, T). 

Type strain: van der Meulen A-34, ACAM 579, ATCC 
27944, CCUG 14832, CIP 104740, DSM 1076, IFO (now 
NBRO) 14960, LMG 8328, NCIMB 12056. 

Sequence accession no. (16S rRNA gene): M58767. 


Flavobacterium frigidarium Humphry, George, Black and 
Cummings 2001, 1242V* 


fri.gi.da'ri.um. L. neut. adj. frigidarium of or for cooling, 
intended to mean belonging to the cold. 


Rods, approximately 0.5-0.7 x 0.8-2 pm, occurring singly 
or in pairs, with a thick capsule and pili. Colonies on XMM 
agar (per I: 0.02 g FeSO,, 0.2 g MgSO, 0.75 g KNO,, 0.5 g 
K,HPO,, 0.04 g CaCl,, 5.0 g soluble xylan, 15.0 g agar) and 
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on tryptic soy agar are bright yellow, circular, and raised 
with entire margins. In the original description, the authors 
carefully stated that “there seemed to be adsorption of 
Congo red by colonies, indicating the presence of extra- 
cellular galactosamine glycan; this may be the capsular sub- 
stance around the cell”. Adsorption of Congo red could not 
be confirmed, however (J.-F. Bernardet, personal observa- 
tion). The bright yellow carotenoid pigment has been ten- 
tatively identified as zeaxanthin. Doubling times in XMM 
broth at 0, 5, 10, 15, and 20°C are 34.8, 28.1, 10.9, 9.6, and 
13.1 h (410%), respectively. 

Catalase-positive. Arginine dihydrolase activity is absent. 
Indole and acetoin are not produced. Neither acid nor 
gas are produced from glucose, fructose, xylose, mannitol, 
and maltose. Enzymic activities detected in the API ZYM 
gallery and antibiotic resistances are listed in the original 
description. Growth occurs on casein, fructose, gelatin, 
glucose, glycerol, laminarin, maltose, mannitol, mannose, 
succinate, tryptone, xylan, and xylose as sole carbon and 
energy sources. No growth occurs on acetate, adipate, agar, 
arabinose, caprate, carboxymethylcellulose, chitin, citrate, 
galactose, gluconate, inositol, lactose, malate, N-acetylglu- 
cosamine, pectin, phenylacetate, pyruvate, raffinose, ribose, 
starch, sucrose, trehalose, or tyrosine. Other characteristics 
are as given in the genus and original species descriptions 
and in Tables 24 and 25. 

Source: shallow-water Southern Ocean sediment recov- 
ered near Adelaide Island, Antarctica, during a systematic 
search for xylanolytic, laminarinolytic, pectinolytic, and cel- 
lulolytic bacteria. 

DNA G+C content (mol % ): 35 (T). 

Type strain: A2i, ATCC 700810, CIP 107124, LMG 21010, 
NCIMB 13737. 

Sequence accession no. (16S rRNA gene): AF162266. 

Note: the strain deposited in the ATCC was originally 
named “Flavobacterium xylanivorum". 


Flavobacterium frigidimaris Nogi, Soda and Oikawa 2005a, 
1743." (Effective publication: Nogi, Soda and Oikawa 
2005b, 314.) 

fri.gi.di.ma'ris. L. adj. frigidus cold; L. gen. n. maris of the 
sea; N.L. gen. n. frigidimaris of a cold sea. 


Rods, approximately 0.6-0.8 x 1.5-2.0 nm. Possibly cap- 
sulate (J.-F. Bernardet, personal phase-contrast microscopy 
observation). Colonies on tryptic soy agar are orange-yel- 
low, circular, and low convex with entire to slightly irregular 
margins. Good growth also occurs on Luria-Bertani agar 
and on CY agar (per I: 3.0 g casitone, 1.36 g CaCl,-2H,O, 
1.0 g yeast extract, 15 g agar; pH 7.2). 

Catalase-positive. Large amounts of NAD(P) -dependent 
alcohol, aldehyde, threonine, valine, and glutamate dehy- 
drogenases are produced. These enzymes are all active at 
low temperature; the latter three are thermolabile, whereas 
the two former are unexpectedly thermostable. Acid is 
produced from arabinose, cellobiose, fructose, galactose, 
glucose, maltose, mannitol, mannose, raffinose, sucrose, 
trehalose, and xylose. No acid is produced from glycerol, 
inositol, lactose, rhamnose, or sorbitol. Other characteris- 
tics are as given in the genus and original species descrip- 
tions and in Tables 24 and 25. 
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Source: Antarctic seawater. 

DNA G+C content (mol96): 34.5 (HPLC). 

Type strain: KUC-1, DSM 15937, JCM 12218. 
Sequence accession no. (16S rRNA gene): AB183888. 


14. Flavobacterium frigoris Van Trappen, Vandecandelaere, 


15. 


Mergaert and Swings 2004b, 90°” 


fri.go'ris. L. masc. n. frigor cold; L. gen. n. frigoris of the 
cold. 


Rods, «1 x 4-6 nm. Gliding motility was not reported in 
the original description, but gliding and rotating cells have 
been observed in 48-h-old Anacker and Ordal's and R2A 
broth cultures (J.-F. Bernardet, personal observation). Colo- 
nies on R2A agar are yellow, convex, translucent with entire 
margins, non-adherent, and 2-5 mm in diameter after 6 d. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities are 
absent. Enzymic activities detected in the API ZYM gallery 
are listed in the original description. Glucose, mannose, and 
maltose are assimilated in the API 20NE gallery. No acid is 
produced from carbohydrates in the API 20E gallery. Acetoin 
and indole are not produced. Citrate is not utilized. Nitrate 
reduction is strain-dependent; the type strain does not reduce 
nitrate. Other characteristics are as given in the genus and 
original species descriptions and in Tables 24 and 25. 

Source: microbial mats from freshwater, hyposaline, and 
saline lakes in the Vestfold Hills, Larsemann Hills, and 
McMurdo Dry Valleys, eastern Antarctica. The 19 original 
isolates all belong to the same fatty acid cluster but are 
divided into two different rep-PCR clusters. Four additional 
strains originating from the same locations were identified 
during a later study (Van Trappen et al., 2005). 

DNA G+C content (mol % ): 33.8-34.5 (HPLC). 

Type strain: Mergaert R-9014, WA11, CIP 108385, DSM 
15719, LMG 21922. 

Sequence accession no. (16S rRNA gene): AJ557887 (type 
strain), AJ440988 (strain LMG 21471). 


Flavobacterium fryxellicola Van Trappen, Vandecande- 
laere, Mergaert and Swings 2005, 771” 


fry.xel.li'co.la. N.L. n. Fryxellum Lake Fryxell; L. suff. -cola 
from L. n. incola dweller; N.L. n. (nominative in apposition) 
fryxellicola a dweller of Lake Fryxell. 


Rods, approximately 1.0-1.5 x 3.0—4.0 pm. Colonies on 
R2A agar are yellow-orange, convex, and translucent with 
entire margins after 6 d. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent (API 20E). Enzymic activities detected in the API 
ZYM gallery are listed in the original description. Glucose 
and maltose are assimilated, but arabinose, mannitol, man- 
nose, Nacetylglucosamine, gluconate, caprate, adipate, 
malate, citrate, and phenylacetate are not (API 20NE). Acid 
is not produced from carbohydrates (API 20E). Acetoin is 
produced, but indole is not produced. Citrate is not uti- 
lized. Other characteristics are as given in the genus and 
original species descriptions and in Tables 24 and 25. 

Flavobacterium fryxellicola belongs to the same fatty acid 
cluster as all strains of Flavobacterium frigoris, Flavobacterium 
micromati, Flavobacterium psychrolimnae, and Flavobacterium 
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xanthum, plus some Flavobacterium degerlachei strains, but 
it displays a distinct rep-PCR profile (Van Trappen et al., 
2002, 2003, 2004b, 2005). 

Source: microbial mats in the fresh/brackish water of Lake 
Fryxell, McMurdo Dry Valleys, eastern Antarctica. 

DNA G+C content (mol % ): 35.2-35.9 (HPLC). 

Type strain: Mergaert R-7548, FR 64, CIP 108325, DSM 
16209, LMG 22022. 

Sequence accession no. (16S rRNA gene): AJ811961. 


Flavobacterium gelidilacus Van Trappen, Mergaert and 
Swings 2003, 1243’? 


ge.li.di.la'cus. L. adj. gelidus ice-cold; L. n. lacus lake; N.L. 
gen. n. gelidilacus of an ice-cold lake, referring to the isola- 
tion source, microbial mats in Antarctic lakes. 


Rods, approximately <1 x 2-4 pm; some longer cells 
also occur. Gliding was reported as strain-dependent in the 
original description, the type strain and strain LMG 21619 
being negative for this characteristic. However, gliding and 
rotating cells, as well as spheroplasts, have been observed in 
4-d-old Anacker and Ordal’s broth culture of the type strain 
(J.-F. Bernardet, personal observation). Colonies on R2A 
agar are yellow to orange, circular, convex, and translucent, 
1-4 mm in diameter with entire margins after 6 d at 20°C. 
Colonies do not adhere to the agar. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent (API 20E). Gelatin is degraded, except by strain 
LMG 21619. Enzymic activities detected in the API ZYM 
gallery are listed in the original description. Glucose, ara- 
binose, mannose, mannitol, Macetylglucosamine, maltose, 
gluconate, caprate, adipate, malate, citrate, and phenylac- 
etate are not assimilated (API 20NE). Acid is not produced 
from glucose, mannitol, inositol, sorbitol, rhamnose, 
sucrose, melibiose, amygdalin, or arabinose (API 20E). Ace- 
toin and indole are not produced. Citrate is not utilized. 
Other characteristics are as given in the genus and original 
species descriptions and in Tables 24 and 25. 

The 22 original isolates all belong to the same fatty acid 
cluster (that also contains all strains of Flavobacterium frig- 
oris, Flavobacterium micromati, Flavobacterium psychrolimnae, 
and Flavobacterium xanthum, and some Flavobacterium deger- 
lachei strains), but are divided into three different rep-PCR 
clusters. 

Source: microbial mats from freshwater and saline lakes in 
the Vestfold Hills and Larsemann Hills, eastern Antarctica. 

DNA G+C content (mol % ): 30.0-30.4 (HPLC). 

Type strain: Mergaert R-8899, AC 35, CIP 108171, DSM 
15343, LMG 21477. 

Sequence accession no. (16S rRNA gene): AJ440996 (type 
strain), AJ507151 (strain LMG 21619). 


Flavobacterium gillisiae McCammon and Bowman 2000, 
1059V* 
gil.lis'i.ae. N.L. gen. fem. n. gillisiae of Gillis, named after 
Monique Gillis, a Belgian microbiologist who pioneered 
new techniques for bacterial taxonomy. 

Rods, approximately 0.4—0.5 x 2-5 pm. Colonies on R2A 
agar are orange, convex, circular with entire margins, and 
have a butyrous consistency. No growth occurs fermentatively 
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or by anaerobic respiration using ferric iron, nitrate, nitrite, 
or trimethylamine N-oxide as electron acceptors. 

Catalase-positive. Arginine dihydrolase activity is present, 
but lysine and ornithine decarboxylase and tryptophan 
deaminase activities are absent. Acetoin and indole are 
not produced. Citrate is not utilized. Sodium nitrate, 
ammonium chloride, L-glutamate, peptone, and Casamino 
acids serve as nitrogen sources. Vitamins are not required 
for growth but are stimulatory. Acid is produced from 
glucose, mannose, galactose, fructose, sucrose, trehalose, 
cellobiose, maltose, mannitol, and glycerol, but not from 
arabinose, rhamnose, xylose, lactose, melibiose, raffinose, 
adonitol, sorbitol, or inositol. Uric acid and xanthine are 
not degraded. Other characteristics are as given in the 
genus and original species descriptions and in Tables 24 
and 25. 

Source: coastal sea ice from Prydz Bay, Antarctica. 

DNA G+C content (mol % ): 32 (T). 

Type strain: ACAM 601, CIP 107449, LMG 21422. 

Sequence accession no. (16S rRNA gene): U85889. 


Flavobacterium glaciei Zhang, Wang, Liu, Dong and Zhou 
2006, 2924V" 


gla.ci'e.i. L. gen. n. glaciei of ice, referring to the isolation 
source, the China No. 1 glacier. 


Rods, approximately 0.45-0.55 x 2.7—6.3 pm. Colonies on 
PYG agar (per 1: 5.0 g peptone, 0.2 g yeast extract, 3.0 g beef 
extract, 5.0 g glucose, 0.5 g NaCl, and 1.5 g MgSO,-7H,O; 
amount of agar unspecified) are yellow, smooth, convex, 
and circular with entire margins. 

Catalase-positive. Arginine dihydrolase, lysine and 
ornithine decarboxylase, and tryptophan deaminase 
activities are absent. Acid is not produced from carbohy- 
drates. The following substrates are assimilated: glucose, 
maltose, sucrose, trehalose, mannose, dextrin, asparagine, 
L-glutamic acid, and glucose l-phosphate. The follow- 
ing substrates are not assimilated: fructose, fucose, galac- 
tose, arabinose, cellobiose, rhamnose, lactose, raffinose, 
melibiose, sorbitol, turanose, xylitol, glycerol, inositol, 
erythritol, serine, threonine, alanine, histidine, leucine, 
aspartic acid, malonic acid, lactic acid, acetic acid, cit- 
ric acid, pyruvate, succinate, and uridine. Acetoin is not 
produced. Citrate is not utilized. Other characteristics are 
as given in the genus and original species descriptions and 
in Tables 24 and 25. 

Source: frozen soil collected from the China No. 1 glacier, 
Xinjiang Uygur Autonomous Region, China. 

DNA G«C content (mol % ): 36.5 (T, ). 

Type strain: 0499, CGMCC 1.5380, CIP 109489, JCM 
13953. 

Sequence accession no. (16S rRNA gene): DQ515962. 


Flavobacterium granuli Aslam, Im, Kim and Lee 2005, 750%” 


gra.nu'li. L. gen. n. granuli of a small grain, pertaining to a 
granule, from which the type strain was isolated. 

Rods, approximately 0.3-0.5 x 2.0-5.0 nm. Colonies on 
R2A agar are yellow, smooth, non-glossy, convex, circular 
with entire margins, and 2-4 mm in diameter after 2 d. 
Colonies on Columbia and brain-heart infusion agars are 
bright yellow to orange-yellow. 
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Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent. Acid is not produced from glucose. Xylan is not 
degraded. The following substrates are utilized as sole car- 
bon sources: glucose, mannose, N-acetylglucosamine, malt- 
ose, propionate, and L-proline. The following substrates are 
not utilized as sole carbon sources: L-arabinose, mannitol, 
gluconate, caprate, adipate, malate, citrate, phenylacetate, 
salicin, D-melibiose, L-fucose, D-sorbitol, valerate, histidine, 
2-ketogluconate, 3-hydroxybutyrate, 4-hydroxybutyrate, 
rhamnose, D-ribose, inositol, D-sucrose, itaconate, suber- 
ate, malonate, acetate, lactate, L-alanine, 5-ketogluconate, 
glycogen, 3-hydroxybenzoate, and L-serine. Resistant to 
ampicillin, tetracycline, and streptomycin; sensitive to kana- 
mycin. Acetoin is produced. Citrate is not utilized. Other 
characteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. 

Source: granules used in the wastewater treatment plant 
of a beer-brewing factory in Kwang-Ju, Republic of Korea. 
These granules contained aerobic bacteria even though they 
had been kept under anaerobic conditions for 2 years. 

DNA G+C content (mol % ): 36.2 (HPLC). 

Type strain: Lee Kw05, CIP 108709, KCTC 12201, IAM 
15099. 

Sequence accession no. (16S rRNA gene): AB180738. 


Flavobacterium hercynium Cousin, Pauker and Stacke- 
brandt 2007, 248" 


her.cy'ni.um. L. neut. adj. hercynium of or belonging to Her- 
cynia, the Roman name for a mountain range in Germany 
where the type strain was isolated. 


Rods, approximately 0.7-0.8 x 5.8-6.3 pm. Gliding 
motility is observed on DSMZ medium 67 and on Anacker 
and Ordal's, nutrient, and R2A agars, but not on DNA or 
tryptic soy agars. Colonies are brown-beige on medium 
67 and Anacker and Ordal's agars, and bright yellow to 
dark orange on R2A, DNA, nutrient, and tryptic soy agars. 
They are flat, spreading, with irregular lobate margins or 
no visible margins on medium 67, Anacker and Ordal’s, 
and R2A agars and circular, non-spreading, umbonate 
with undulate margins on DNA and tryptic soy agars. No 
growth occurs on MacConkey agar. Growth is aerobic and 
microaerobic. 

Catalase-positive. Indole is not produced. Gelatin hydro- 
lysis and assimilation of L-arabinose and trisodium citrate 
are strain-dependent. Characteristics included in API ZYM, 
API 20NE, and GN MicroPlate galleries are given in the 
original description. Other characteristics are as given in 
the genus and original species descriptions and in Tables 
24 and 25. 

Source: isolated from a site located about 320 m down- 
stream of the spring of the Westerhófer Bach, a hard-water 
creek from the western slopes of the Harz Mountains, in 
Westerhof, 40 km north of Góttingen, Germany. Five strains 
were isolated and characterized, but only the type strain was 
deposited in culture collections. 

DNA G+C content (mol96): 37.5 (T). 

Type strain: WB 4.2-33, CIP 109241, DSM 18292. 

Sequence accession no. (16S rRNA gene): AM265623 (type 
strain), AM177627 (strain WB 4.2-78). 
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Flavobacterium hibernum McCammon, Innes, Bowman, 
Franzmann, Dobson, Holloway, Skerratt, Nichols and 
Rankin 1998, 1411‘? 


hi.ber'num. L. neut. adj. hibernum of winter. 


Rods, approximately 0.7 x 1.8-13 pm. A thick capsule 
is produced when cultures are incubated at 4°C. Colonies 
on “maintenance medium" [per I: 1.0 g yeast extract, 5.0 g 
lactose (filter-sterilized), 0.5 g K,HPO,, 0.5 g (NH,),SO,, 
0.55 g NaCl, 15.0 g agar] are discrete, opaque, shiny, con- 
vex, smooth, and yellow. Consistency is mucoid when plates 
are incubated at 25°C, but gelatinous at 4^C. Colonies on 
nutrient-poor media are flat, translucent, and spreading. 
Colonies on tryptic soy agar are orange-yellow. The theo- 
retical minimum temperature for growth is —7°C. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent (API 20E). Oxidase activity was not found in the 
original study, but retesting of the type strain using dim- 
ethyl-P-phenylenediamine resulted in a distinctly positive 
oxidase reaction (J.-F. Bernardet, personal observation). 
Acid is produced from glucose, rhamnose, sucrose, and ara- 
binose. Citrate is not utilized. Indole and acetoin are not 
produced (API 20E). Glucose, lactose, galactose, fructose, 
and sucrose are assimilated, but raffinose is not. The list of 
substrates utilized in the Biolog system is given in the origi- 
nal description. Utilization of formic acid, glucuronamide, 
and saccharic acid is strain-dependent. The optimum tem- 
perature for B-galactosidase activity is 38.6°C. Other char- 
acteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. 

Source: surface freshwater of Crooked Lake, Vestfold 
Hills, Antarctica. Recently, a strain sharing 99% full-length 
16S rRNA gene sequence similarity with the type strain of 
Flavobacterium hibernum and producing a cold-active xyla- 
nase has been isolated from a stream in California (Lee 
et al., 20062). 

DNA G+C content (mol96): 34 (type strain; HPLC). 

Type strain: ACAM 976, ATCC 51468, CIP 105745, DSM 
12611, LMG 21424. 

Sequence accession no. (16S rRNA gene): L39067. 

Note: the strains deposited in the Australian Collection of 
Antarctic Micro-organisms were originally named “Flavobac- 
terium ameridies’’ . 


Flavobacterium hydatis (Strohl and Tait 1978) Bernardet, 
Segers, Vancanneyt, Berthe, Kersters and Vandamme 1996, 
141” (Oytophaga aquatilis Strohl and Tait 1978, 302 and 
Reichenbach 1989c, 2043) 
hy'da.tis. Gr. n. hádor water; N.L. gen. n. hydatis from water. 

Following reclassification of [Cytophaga] aquatilis in the 
genus Flavobacterium, the original specific epithet had to be 
changed because the new combination would have become 
ajunior homonym of Flavobacterium aquatile. Hence, the new 
specific epithet hydatis, whose meaning is similar to that of 
the original epithet, was proposed for this taxon (Bernardet 
et al., 1996). 

Rods, approximately 0.4-0.7 x 1.5-15.0 pm. Flexible. 
Coccoid forms and long filaments may occur. Colonies 
on relatively rich media are circular with entire margins, 
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convex, and yellow-pigmented. Anaerobic growth occurs in 
the presence of fermentable carbohydrates (see below) and 
yeast extract (or peptone), or during nitrate reduction. Col- 
onies from anaerobically grown cultures are a light cream 
color or non-pigmented. Growth may occur up to 35°C, but 
the cultures degenerate rapidly at 30°C. Colonies do not 
adsorb Congo red, but the slime layer reportedly stains with 
ruthenium red. 

Catalase-positive. In contrast to the original description, 
no hydrolysis of carboxymethylcellulose and a positive 
oxidase reaction have been found (J.-F. Bernardet, personal 
observation). Oxidase activity was also found by Oyaizu 
and Komagata (1981), and a weak reaction was reported 
by Reichenbach (1989b). Acid is produced fermentatively 
from arabinose, cellobiose, fructose, galactose, glucose, 
lactose, maltose, mannose, raffinose, sucrose, xylose, glyc- 
erol, dulcitol, and mannitol. The same compounds are also 
metabolized aerobically with acid production. Strong pro- 
teolytic activity. Tributyrin is hydrolyzed, but not lecithin. 
Indole is not produced. Citrate is not utilized. Peptones, 
Casamino acids, NH,', and NO, can be used as N sources. 
Resistant to ampicillin, penicillin G, and polymyxin B; sensi- 
tive to chloramphenicol, erythromycin, kanamycin, nalidixic 
acid, neomycin, novobiocin, and tetracycline. Resistant to 
the vibriostatic compound O/129 (Bernardet et al., 1996). 
Other characteristics are as given in the genus and original 
species descriptions and in Tables 24 and 25. Additional 
information can be found in Reichenbach (1989b) and in 
Bernardet et al. (1996). 

Source: isolated in 1974 from the gills of a salmon (species 
unrecorded) suffering from "bacterial gill disease", Platte 
River Fish Hatchery, Michigan, USA. Four of the five origi- 
nal strains have been lost. Pathogenicity has not been dem- 
onstrated experimentally. 

DNA G+C content (mol96): 32.0-33.7 (Bd). 

Type strain: Strohl strain N, Reichenbach Cyaql, ATCC 
29551, CCUG, 35201, CIP 104741, DSM 2063, IFO (now 
NBRC) 14958, LMG 8385, NRRL B-14732. 

Sequence accession no. (16S rRNA gene): M58764. 


Flavobacterium indicum Saha and Chakrabarti 
2620" 


in'di.cum. L. neut. adj. indicum of or belonging to India, 
from where the type strain was isolated. 


2006, 


Rods, approximately 0.1—0.2 x 1-3 pm, occurring singly 
and occasionally in pairs. Filamentous cells appear in ageing 
cultures (Saha and Chakrabarti, 2006), followed by numer- 
ous small spheroplasts (J.-F. Bernardet, personal observa- 
tion). Colonies on modified R2A agar [containing 0.025% 
(w/v) Casamino acids instead of 0.05% and 0.075% (w/v) 
peptone instead of 0.05%] are yellowish orange, circular, 
and convex to slightly umbonate with irregular margins. 
Although no gliding motility was originally observed when 
a broth culture was examined under phase-contrast micros- 
copy, a thin film of translucent growth with finger-like pro- 
jections appeared at the margins of 5-7-p-old colonies, 
suggesting that gliding motility did occur on modified R2A 
agar (Saha and Chakrabarti, 2006). Indeed, moderate glid- 
ing and rotating was observed in Anacker and Ordal’s and 
R2A broth cultures (J.-F. Bernardet, personal observation). 
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Good growth also occurs on 100x diluted tryptic soy agar 
(colonies on this medium are smaller and more adherent 
than on modified R2A) and on plain R2A, R3A, Anacker 
and Ordal’s, full- and quarter-strength ZoBell, yeast extract, 
and NaCl-free nutrient agars. Weak growth occurs on plain 
nutrient, Luria-Bertani, and LY (Reichenbach, 1989b) 
agars. No growth occurs on plain tryptic soy, Simmons’ cit- 
rate, or MacConkey agars. 

Catalase activity is very weak. Hypoxanthine and xan- 
thine are not hydrolyzed. No precipitate is formed on 
egg-yolk agar, but colonies are surrounded by clear zones. 
D-Fructose and (to a lesser extent) inulin are utilized. 
L-Arabinose, p-amygdalin, D-galactose, D-glucose, glycerol, 
glycogen, D-mannose, L-rhamnose, p-sorbitol, and L-xylose 
are very weakly utilized. Adonitol, p-arabinose, L-arabitol, 
arbutin, D-cellobiose, dulcitol, myo-inositol, D-lactose, 
D-mannitol, maltose, melibiose, melezitose, raffinose, 
D-ribose, L-sorbose, sucrose, trehalose, xylitol, and p-xylose 
are not utilized. Acid is produced from p-fructose and (very 
weakly) from D-glucose, glycogen, inulin, r-xylose, and 
D-mannose, but not from the other carbohydrates tested. 
Antibiotic resistances are listed in the original description. 
Other characteristics are as given in the genus and original 
species descriptions and in Tables 24 and 25. 

Source: water of a warm (37-38°C) spring in a forest 
reserve in Assam, India. The spring was undisturbed by 
human activities but frequented by wild animals. 

DNA G+C content (mol % ): 31.0 (T. ). 

Type strain: Saha and Chakrabarti GPTSA100-9, CIP 
109464, DSM 17447, MTCC 6936. 

Sequence accession no. (16S rRNA gene): AY904351. 


Flavobacterium johnsoniae (Stanier 1947) Bernardet, 
Segers, Vancanneyt, Berthe, Kersters and Vandamme 1996, 
141°” [ Oytophaga johnsonae Stanier 1947, 306 and Reichen- 
bach 1989b, 2041; Cytophaga johnsonii (sic) (Stanier 1947) 
Stanier 1957, 860] 


john.so.ni'ae. N.L. gen. fem. n. johnsoniaeof Johnson, named 
after the American microbiologist Delia E. Johnson, who 
made an early study of chitinolytic gliding soil bacteria. 

Following reclassification of [ Cytopbhaga] johnsonae in the 
genus Flavobacterium, the original specific epithet has been 
corrected to johnsoniae. 

Flexible rods, approximately 0.3-0.4 x 1.5-15 pm. Cells 
tend to become almost coccoid in ageing cultures, preced- 
ing the development of spheroplasts. Colonies on relatively 
rich media are circular with entire margins, convex, and 
bright yellow, whereas they are flat, spreading with rhizoid 
to filamentous margins, and pale yellow on media contain- 
ing low nutrient concentration (e.g., Anacker and Ordal). 
Deep orange and pale yellow variants have been reported 
for the type strain. Zeaxanthin is produced in addition to 
flexirubin-type pigments (Reichenbach, 1989b). 

Catalase activity is present, though moderate. Peptones, 
Casamino acids, glutamate, proline, urea, and NH, are 
good N sources. Growth occurs on mineral salts media 
containing NH and a carbohydrate, such as arabinose, 
cellobiose, chitin, galactose, glucose, inulin, lactose, malt- 
ose, mannose, raffinose, starch, sucrose, and xylose. Acid 
is produced from sugars and various polysaccharides are 
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degraded. Strongly proteolytic. Indole is not produced. 
Tributyrin is degraded, but not lecithin. The organism has a 
strictly aerobic metabolism. Reichenbach and other authors 
(Reichenbach, 1989b and references therein) considered 
the report of Christensen (1977) that the type strain was 
able to ferment glucose and to produce gas from NO, to 
be erroneous. This strain is unable to use NO, or fumar- 
ate as electron acceptor, but one of Stanier's five original 
[ Cytophaga] johnsonae isolates grew anaerobically “to a slight 
extent”, reducing NO, to NO,. It is uncertain, however, 
whether all five strains belonged to the same species. This 
is even more the case of Stanier's sixth strain, labeled “var. 
denitrificans”, which grew abundantly in anaerobic condi- 
tions by denitrification and produced copious amounts 
of N,. Resistant to the vibriostatic compound O/129 (Ber- 
nardet et al., 1996). Other characteristics are as given in 
the genus and species descriptions and in Tables 24 and 
25. Additional information can be found in Christensen 
(1977), Reichenbach (1989b), and Bernardet et al. (1996). 

Overall, Flavobacterium johnsoniae shows considerable 
phenotypic and genomic diversity (Reichenbach, 1989b). 
Many strains isolated from soil and freshwater environ- 
ments and resembling Stanier’s original strains have been 
labeled [Cytophaga] johnsonae or Flavobacterium johnsoniae, 
but it is likely that many of them actually belong to different 
species. Many Flavobacterium johnsoniaelike organisms have 
also been isolated from superficial lesions of diseased fish 
and considered opportunistic pathogens. There have been, 
however, cases of fish disease in which Flavobacterium john- 
soniae indeed seemed to be the causative agent, but DNA- 
DNA hybridization between the isolates and the type strain 
has not been performed to confirm their identification 
(Bernardet and Bowman, 2006 and references therein). 
Strains ATCC 29585 and 29586, isolated from diseased 
fish in Manitoba, Canada, as well as the soil isolate NCIMB 
11391 have shown insignificant DNA relatedness with the 
type strain and consequently cannot be considered bona 
fide Flavobacterium johnsoniae strains (Bernardet et al., 1996). 
Conversely, the two [Flexibacter| aurantiacus (Lewin, 1969) 
strains Lewin DWO and Lewin PSY included in the same 
study were shown to share significant DNA relatedness with 
the type strain of Flavobacterium johnsoniae, the proposed 
transfer of these two strains to the species /lavobacterium 
johnsoniae was supported by similarities in phenotypic fea- 
tures and fatty acid composition (Bernardet et al., 1996). 
The Flavobacterium johnsoniae type strain and the two [Flexi- 
bacter| aurantiacus strains, however, showed rather differ- 
ent whole-cell protein profiles. Strain DSM 425 and the 
Flavobacterium johnsoniae type strain share only 22% DNA 
relatedness (Reichenbach, 1989b) and occupied rather 
separate positions in phylogenetic trees (data not shown). 
Another strain, Hayes $4/1 (=LMG 13161-NCIMB 11391) 
is available in culture collections, but DNA-DNA hybridiza- 
tion with the type strain has not been performed. Extensive 
studies are needed to properly delineate this species and to 
reject misidentified strains; novel Flavobacterium species may 
emerge from this process. 

Source: as no type strain had been designated by Stanier 
(1947), Reichenbach (1989b) designated strain ATCC 
17061 the cotype strain because it seemed to be one of the 
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authentic strains coming from Stanier’s original collection 
and it had been extensively studied. This strain had been 
isolated from a soil sample from Rothamsted Experimental 
Station, UK. Of the only two strains that have been shown 
to share high DNA relatedness with the type strain, viz., 
NCIMB 1382 (=Lewin DWO=ATCC 23107=LMG 3987) and 
NCIMB 1455 (=Lewin PSY=ATCC 23108=LMG 10404), only 
the origin of the former strain is known: garden soil, Min- 
neapolis, Minnesota. Most other strains available in culture 
collections have been retrieved from soil and freshwater 
habitats. Recently, three strains sharing very high near full- 
length (16S rRNA gene): rRNA gene sequence similarity with 
the type strain of Flavobacterium johnsoniae have been isolated 
from river epilithon in England (O'Sullivan et al., 2006). 

DNA G+C content (mol96): 33-35.2 (T^). 

(Co)type strain: van Niel MYX 1.1.1, Reichenbach Cy j3, 
ATCC 17061, CCUG 35202, CFBP 3036, CIP 100931, DSM 
2064, IFO (now NBRC) 14942, LMG 1340, LMG 1341, JCM 
8514, NCIMB 11054. 

Sequence accession no. (168 rRNA gene): AM230489 (type 
strain), M62792 (strain ATCC 23107). 


Flavobacterium limicola Tamaki, Hanada, Kamagata, 
Nakamura, Nomura, Nakano and Matsumura 2003, 523V" 


li.mi.co'la. L. n. limus mud; L. suff. -cola from L. gen. n. 
incola dweller; N.L. n. (nominative in apposition) limicola 
a mud-dweller. 


Rods, approximately 0.3-0.6 x 1.1-3.2 pm. Chains of 
5-20 cells occur frequently and filamentous cells occasion- 
ally appear. Colonies on tryptic soy agar are bright orange- 
yellow, circular, and convex with entire margins. Adsorption 
of Congo red by colonies was reported in the original 
description, but others have not been able to observe it 
(J.-F. Bernardet, personal observation). Although agar is 
degraded, no liquefaction occurs and colonies are not sunk 
in the agar. 

Catalase-positive. Arginine dihydrolase activity is pres- 
ent, but lysine and ornithine decarboxylase and tryptophan 
deaminase activities are absent. Other enzymic activities 
determined using API 20E, 20NE, ID32E, and ZYM galler- 
ies are listed in the original description. The production of 
extracellular proteases (investigated using hide powder azure 
as the substrate) by the three isolates is higher at 5°C than at 
15 and 23°C. Indole and acetoin are not produced. Citrate 
is not utilized. Acid is not produced from any of the carbo- 
hydrates included in API 50CH strips and GN MicroPlates. 
In the latter, amino acids such as L-alanine, L-alanylglycine, 
L-asparagine, L-aspartic acid, L-glutamic acid, glycyl-L-aspartic 
acid, glycyl-1-glutamic acid, L-ornithine, L-proline, L-serine, 
and r-threonine allow for better growth than carbohydrates 
such as D-glucose, mannose, maltose, sucrose, starch, gly- 
cogen, and dextrin. Yeast extract stimulates growth. Uric 
acid is hydrolyzed, but xanthine is not. Agar degradation is 
revealed by flooding colonies with an I/KI solution. Other 
characteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. 

Source: freshwater river sediments in Ibaraki Prefecture, 
Japan. 

DNA G+C content (mol % ): 34.0-34.8 (method not speci- 
fied). 
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Type strain: Tamaki ST-82, CIP 107957, DSM 15094, JCM 
11473, LMG 21930. 

Sequence accession no. (16S rRNA gene): AB075230 (type 
strain), AB075231 (strain ST-10), AB075232 (strain ST-92). 


Flavobacterium micromati Van Trappen, Vandecandelaere, 
Mergaert and Swings 2004b, 89°” 


mi.cro.ma'ti. N.L. gen. n. micromati arbitrary name refer- 
ring to the MICROMAT project (*Biodiversity of microbial 
mats in Antarctic") in connection with which the strains 
were isolated. 


Rods, «1 x 3-4 pm. Colonies on R2A agar are orange-red, 
convex, translucent with entire margins, non-adherent, and 
1-3 mm in diameter after 6 d. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent. Enzymic activities detected in the API ZYM gal- 
lery are listed in the original description. No growth occurs 
on carbohydrates in the API 20NE gallery and no acid is pro- 
duced from carbohydrates in the API 20E gallery. Acetoin 
is produced. Indole is not produced. Citrate is not utilized. 
Other characteristics are as given in the genus and original 
species descriptions and in Tables 24 and 25. 

The three original isolates all belong to the same rep- 
PCR and fatty acid clusters. 

Source: microbial mats from freshwater, hyposaline, and 
saline lakes in the Vestfold Hills and Dry Valleys, eastern 
Antarctica 

DNA G+C content (mol % ): 33.1-34.4 (HPLC). 

Type strain: Mergaert R-9192, GR 28, CIP 108161, LMG 
21919. 

Sequence accession no. (16S rRNA gene): AJ557888. 


Flavobacterium omnivorum Zhu, Wang and Zhou 2003, 
856" 


om.ni.vo'rum. L. n. omne -is everything; L. v. vorare to 
devour; N.L. neut. adj. omnivorum eating everything, refer- 
ring to the ability of the strain to degrade a wide range of 
macromolecules. 


Rods, approximately 0.8 x 2-5 pm; filamentous cells also 
occur. A limited number of spheroplasts was observed in 
4-d-old Anacker and Ordal’s broth culture (J.-F. Bernardet, 
personal observation). Colonies on PYG agar [per 1: 5.0 g 
polypeptone, 5.0 g tryptone, 10.0 g yeast extract, 10.0 g 
glucose, 40 ml salt solution, 15.0-20.0 g agar. Salt solution 
(per 1): 0.2 g CaCl,, 0.4 g MgSO,-7H,O, 1.0 g K,HPO, 1.0 g 
KH,PO,, 10.0 g NaHCO,, 2.0 g NaCl] are orange-yellow, 
circular, convex, and smooth with entire margins. 

Catalase-positive. Arginine dihydrolase, lysine and 
ornithine decarboxylase, and tryptophan deaminase activi- 
ties are absent. Indole and acetoin are not produced. Citrate 
is not utilized. Peptone, Casamino acids, sodium nitrate, and 
ammonium chloride serve as nitrogen sources, but L-gluta- 
mate does not. Acid is not produced from glucose, fructose, 
xylose, mannitol, or maltose. Uric acid and xanthine are not 
degraded. Glucose, cellobiose, maltose, fructose, sorbose, 
sucrose, lactose, rhamnose, mannose, trehalose, melibi- 
ose, and arabinose are assimilated, but sorbitol, galactose, 
p-mannitol, raffinose, glycerol, inositol, and xylose are not. 
Other characteristics are as given in the genus and original 
species descriptions and in Tables 24 and 25. 
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Source: frozen soil enclosed within the China No. 1 glacier, 
Xinjiang Uygur Autonomous Region, China. 

DNA G+C content (mol % ): 35.2 (T. ). 

Type strain: Zhou ZE-8, AS 1.2747, CIP 108050, JCM 11313, 
LMG 21986. 


Sequence accession no. (16S rRNA gene): AF433174. 


Flavobacterium pectinovorum (Dorey 1959) Bernardet, 
Segers, Vancanneyt, Berthe, Kersters and Vandamme 
1996, 141%” [Flavobacterium pectinovorum Dorey 1959, 94; 
Empedobacter pectinovorum (Dorey 1959) Kaiser 1961, 210; 
Cytophaga pectinovora (Dorey 1959) Reichenbach 1989c, 
2042] 


pec.ti.no.vo'rum. N.L. n. pectinum pectin, methylated poly- 
galacturonic acids in plant cell walls; L. v. vorare to devour; 
N.L. neut. adj. pectinovorum pectin-devouring. 


Rods, approximately 0.4-0.5 x 1.0-5.0 pm; longer forms 
(15-25 pm) may appear in rich media and in older cultures. 
Gliding motility, though not observed by Dorey (1959), has 
been reported by all other authors. Colonies on all media 
are bright yellow, circular, and low convex, with entire to 
lobate margins when incubated at 30*C, whereas pale yel- 
low, flat, spreading swarms are produced at 22°C. The bac- 
terial mass collected on agar is difficult to remove from the 
loop due to the production of a dry, sticky slime. 

Catalase activity is present but moderate. Reichen- 
bach (1989b) reported the presence of oxidase activity, 
whereas others have found a negative oxidase reaction 
(J.-F. Bernardet, personal observation). Peptones, Casamino 
acids, NH,*, and NO, are used as N sources. Grows on 
mineral media containing arabinose, cellobiose, glucose, 
inulin, lactose, maltose, pectin, sucrose, or xylose as the 
sole carbon and energy source, but glycerol, mannitol, 
and salicin do not allow growth. Acid is produced aero- 
bically from carbohydrates. An inducible, extracellular 
pectinase (polygalacturonase) is produced; it creates shal- 
low depressions around colonies on pectate gels before 
liquefying the whole gel. Strongly proteolytic. Indole is 
not produced. Susceptible to the vibriostatic compound 
O/129 (Bernardet et al., 1996). Other characteristics are 
as given in the genus and original species descriptions and 
in Tables 24 and 25. Additional information can be found 
in Christensen (1977), Reichenbach (1989b), and Bernar- 
det et al. (1996). 

The species was named Flavobacterium pectinovorum by 
Dorey (1959) but was not included in the Approved Lists of 
Bacterial Names (Skerman et al., 1980). Christensen (1977) 
proposed to reclassify the species as [ Cytophaga] johnsonae, 
but Reichenbach (1989b) restored it as an independent 
species under the combination [Cytophaga] pectinovora, a 
decision supported by phenotypic differences and very low 
DNA relatedness between the two type strains. 

Source: soil in Southern England. The seven other original 
strains differed only slightly from the type strain, but they 
have subsequently been lost. Recently, six strains sharing 
more than 99% near full-length 16S rRNA gene sequence 
similarity with the type strain of Flavobacterium pectinovorum 
have been isolated from a hard-water creek in Germany 
(Brambilla et al., 2007). 

DNA G+C content (mol % ): 34.0-35.5 (T. , Bd). 

Type strain: Dorey 81, Reichenbach Cy pl, ATCC 19366, 
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CIP 104742, DSM 6368, IFO (now NBRC) 15945, JCM 8518, 
LMG 4031, NCIMB 9059, USCC 1365. 
Sequence accession no. (16S rRNA gene): D12669, AM230490. 


Flavobacterium psychrolimnae Van Trappen, Vandecande- 
laere, Mergaert and Swings 2005, 771" 


psy.chro.lim'nae. Gr. adj. psychros cold; Gr. fem. N. limna 
lake; N.L. gen. n. psychrolimnae of a cold lake. 


Rods, approximately 0.5 x 2.0 um. Colonies on R2A agar 
are yellow, convex, and translucent with entire margins after 
6 d. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent (API 20E). Enzymic activities detected in the API 
ZYM gallery are listed in the original description. B-Galacto- 
sidase activity is detected in API 20E and API 20NE galleries, 
but not in the API ZYM gallery (S. Van Trappen, personal 
communication). Glucose, maltose, and mannose are 
assimilated, but arabinose, mannitol, Macetylglucosamine, 
gluconate, caprate, adipate, malate, citrate, and phenylac- 
etate are not (API 20NE). Acid is not produced from carbo- 
hydrates (API 20E). Acetoin and indole are not produced. 
Citrate is not utilized. Other characteristics are as given in 
the genus and original species descriptions and in Tables 
24 and 25. 

Flavobacterium psychrolimnae belongs to the same fatty acid 
cluster as all strains of Flavobacterium frigoris, Flavobacterium 
fryxellicola, Flavobacterium micromati, and Flavobacterium xan- 
thum and some strains of Flavobacterium degerlachei, but it dis- 
plays a distinct rep-PCR profile (Van Trappen et al., 2002, 
2008, 2004b, 2005). 

Source: microbial mats in fresh/brackish water lakes in 
the McMurdo Dry Valleys, eastern Antarctica. 

DNA G+C content (mol96): 33.8-34.5 (HPLC). 

Type strain: Mergaert R-7582, FR 57, CIP 108326, DSM 
16141, LMG 22018. 

Sequence accession no. (16S rRNA gene): AJ585428 (type 
strain), AJ585427 (LMG 22020). 


Flavobacterium psychrophilum (Bernardet and Grimont 
1989) Bernardet, Segers, Vancanneyt, Berthe, Kersters and 
Vandamme 1996, 142%” [Cytophaga psychrophila Borg 1948, 
120 and Reichenbach 1989c, 2044; Flexibacter psychrophilus 
(Borg 1948) Bernardet and Grimont 1989, 353] 


psy.chro.phi'lum. Gr. adj. psychros cold; Gr. adj. philos loving; 
N.L. neut. adj. psychrophilum cold-loving. 


Rods, approximately 0.4—0.5 x 1.0-5.0 pm; a few cells 
are longer (8-12 pm). Flexible cells may appear. Gliding 
motility is slow and readily discernable in some strains only. 
Narrow and uneven zones of spreading growth may appear 
at the margins of colonies on Anacker and Ordal’s agar. Dif- 
ferent colony types may occur on the same plate. The opti- 
mum growth temperature is 19-20°C for Japanese isolates 
(Uddin and Wakabayashi, 1997), but only 15°C for most US 
isolates (Holt et al., 1989). Growth at 23 and 25°C is strain- 
dependent and usually weak. 

Catalase activity is present, though moderate. Arginine 
dihydrolase and lysine and ornithine decarboxylase activi- 
ties are absent. Actively proteolytic. The different types of 
extracellular proteases have been considered important 
virulence factors, playing a significant role in the extensive 
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skin and muscular necrotic lesions displayed by diseased 
fish. These proteases degrade components of muscle, 
cartilage, and connective tissue such as elastin, type IV 
collagen, fibrinogen, gelatin, laminin, fibronectin, actin, 
and myosin. The two metalloproteases recently purified 
from Flavobacterium psychrophilum exhibit a broad range 
of hydrolytic activity and are adapted to low temperatures 
(Secades et al., 2001, 2003). Although unable to hydrolyze 
any of the commonly tested carbohydrates, Flavobacterium 
psychrophilum strains can degrade the complex acidic poly- 
saccharides of connective tissue such as chondroitin sulfate 
and hyaluronic acid (Bernardet and Bowman, 2006 and 
references therein). In combination with the extracellular 
proteases, these polysaccharide-degrading enzymes most 
likely participate in tissue necrosis. Peptones and Casamino 
acids are suitable nitrogen sources. Acid is not formed from 
carbohydrates. Indole is not produced. Tributyrin and 
lecithin are hydrolyzed. The antibiotics to which Flavobac- 
terium psychrophilum is resistant and the substrates it hydro- 
lyzes in the API ZYM gallery are listed in Bernardet and 
Grimont (1989) and Bernardet et al. (1996). Susceptible 
to the vibriostatic compound O/129. Other characteristics 
are as given in the genus description and in Tables 24 and 
25. Additional information and references can be found in 
Bernardet and Grimont (1989), Bernardet et al. (1996), 
and Bernardet and Bowman (2006). The whole-genome 
sequence of strain JIP 02/86 (=TG 02/86=ATCC 49511=CIP 
103535) has been published (Duchaud et al., 2007). 

Flavobacterium psychrophilum is the causal agent of severe 
infections (“bacterial cold-water disease” and “rainbow trout 
fry syndrome”) in salmonid fish and has been isolated from 
external lesions and internal organs of the diseased fish. It 
is a significant pathogen that causes considerable economic 
losses in the salmonid aquaculture worldwide. Virulence 
for fish has been demonstrated experimentally. For reviews 
on the bacterium and on the diseases it is responsible for, 
see Holt et al. (1993), Austin and Austin (1999), Shotts and 
Starliper (1999), Nematollahi et al. (2003), and Bernardet 
and Bowman (2006). Because no type strain had been des- 
ignated previously, Reichenbach (1989b) proposed strain 
NCIMB 1947, deposited by E.J. Ordal, as the cotype strain. 
This strain was isolated from the kidney of a diseased juve- 
nile coho salmon (Oncorhynchus kisutch) in the state of 
Washington, but the year of isolation is unknown. 

Source: external lesions and internal organs of infected 
salmonid fish. 

DNA G+C content (mol % ): 32.3-33.8 (T. , Bd). 

(Co)type strain: Ordal 3068, ATCC 49418, CCUG 35200, 
CIP 103534, DSM 3660, JCM 8519, LMG 13179, IAM 14308, 
IFO (now NBRC) 15942, NCIMB 1947. 

Sequence accession no. (16S rRNA gene): AB078060 (type 
strain). The other sequence available for this strain, 
AF090991, is significantly different. 

Note: the first mention of the name [Cytophaga] psychro- 
phila has long been considered to be in a paper by Borg 
(1960), but an earlier mention was found in his PhD the- 
sis (Borg, 1948) (R.A. Holt, personal communication), 
thus allowing the correction to the citation in the present 
description. 


Flavobacterium saccharophilum (Agbo and Moss 1979) 
Bernardet, Segers, Vancanneyt, Berthe, Kersters and 
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Vandamme 1996, 142%” (Cytophaga saccharophila Agbo and 
Moss 1979, 363 and Reichenbach 1989c, 2039) 


sac.cha.ro.phi'lum. Gr. n. saccharon sugar; Gr. adj. philos lov- 
ing; N.L. neut. adj. saccharophilum sugar-loving. 


Rods, approximately 0.5-0.7 x 2.5-6.0 pm in length. 
Pleomorphism is common. Almost coccoid cells occur in 
ageing agar cultures, whereas slender flexible cells may 
appear in pure peptone liquid media. Gliding motility is 
slow, but active. Colonies on nutrient and tryptic soy agars 
are small, convex, circular, yellow-colored, slimy, and sit 
in shallow depressions. Large haloes of softened (not 
liquefied) agar surrounding the colonies are revealed by 
flooding with Lugol's reagent. 

The presence of catalase and oxidase activities originally 
reported by Agbo and Moss (1979) was not confirmed by 
Reichenbach (1989b). Catalase activity was observed, but 
no oxidase activity was found using both a disc and a liquid 
oxidase reagent [dimethyl-p-phenylenediamine and tetram- 
ethyl-p-phenylenediamine, respectively (bioMérieux); J.-F. 
Bernardet, personal observation]. Peptones and NH, serve 
as sole source of nitrogen. Growth is possible on media con- 
taining only peptone, but is considerably improved by the 
addition of carbohydrates. Arabinose, cellobiose, fructose, 
galactose, glucose, lactose, maltose, mannose, melibiose, 
raffinose, rhamnose, sucrose, trehalose, and xylose, as well 
as agar, agarose, arabinogalactan, carrageenan, pectin, 
starch, and a few other polysaccharides are used as sole 
carbon and energy sources. The production of extracel- 
lular agarase is induced by the presence of agar or other 
galactans and polysaccharides associated with plants (e.g., 
arabinogalactan, starch, and pectin) and repressed by the 
presence of galactose or glucose. Following repeated sub- 
cultivation, two of the original isolates lost their ability to 
degrade agar. Oxidative metabolism of glucose was reported 
in the original description. Strongly proteolytic. Indole is 
not produced. The antibiotics to which Flavobacterium sac- 
charophilum is resistant are listed in Agbo and Moss (1979) 
and Reichenbach (1989b). The substrates hydrolyzed in 
the API ZYM gallery are listed in Bernardet et al. (1996). 
Susceptible to the vibriostatic compound O/129. Other 
characteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. Additional informa- 
tion can be found in Reichenbach (1989b) and Bernardet 
et al. (1996). Although a DNA G+C content of 32 mol% was 
found using buoyant density (Reichenbach, 1989b), values 
close to 36 mol% were reported by Agbo and Moss (1979) 
and by Bernardet et al. (1996) using T... 

Source: six strains were originally isolated during the sum- 
mer of 1976 from the River Wey, Guildford, Surrey, UK. 
Although not formally designated the type strain in the 
original description, strain 024 is the only currently available 
strain. Recently, several strains sharing high near full-length 
16S rRNA gene sequence similarity with the type strain of 
Flavobacterium saccharophilum have been isolated from river 
epilithon in England (O'Sullivan et al., 2006) and from a 
hard-water creek in Germany (Brambilla et al., 2007). 

DNA G«C content (mol % ): 35.7 (T, ). 

Type strain: 024 Agbo and Moss, ACAM 581, ATCC 49530, 
CIP 104743, DSM 1811, IFO (now NBRC) 15944, JCM 8520, 
LMG 8384, NCIMB 2072. 
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Sequence accession no. (16S rRNA gene): D12671, 
AM230491. 
Flavobacterium saliperosum Wang, Liu, Dai, Wang, Jiang 


and Liu 2006, 441%” 


sa.li.pe.ro'sum. L. n. sal, salis salt; L. neut. adj. perosum detest- 
ing, hating; N.L. neut. adj. saliperosum salt-hating. 


Rods, approximately 0.35-0.55 x 1.5-2.5 um. Small sphero- 
plasts have been observed in 3-d-old Anacker and Ordal's 
broth culture (J.-F. Bernardet, personal observation). Colo- 
nies on modified ATCC medium MI are yellow, circular, and 
smooth with entire margins. On tryptic soy agar, colonies are 
orange-yellow and circular with irregular margins. 

Catalase-positive. Acetoin is not produced. Acid is not 
produced from lactose, arabinose, rhamnose, raffinose, 
ribose, galactose, melibiose, melezitose, sucrose, xylose, 
mannose, fucose, fructose, glucose, cellobiose, maltose, sali- 
cin, mannitol, or sorbitol. Antibiotic resistances are listed in 
the original description. Other characteristics are as given 
in the genus and original species descriptions and in Tables 
24 and 25. 

Source: sediment of the freshwater Taihu Lake, Jiangsu 
Province, China. The water quality of the lake has been 
declining in recent years, with algal blooms occurring 
regularly. 

DNA G«C content (mol96): 41 (T). 

Type strain: S13, CGMCC 1.3801, CIP 109164, JCM 
13331. 

Sequence accession no. (16S rRNA gene): DQ021903. 

Note: the 16S rRNA sequence was originally deposited in 
GenBank under the name “Flavobacterium saliodium’. 


Flavobacterium segetis Yi and Chun 2006, 1243” 
se.ge'tis. L. gen. n. segetis of the soil. 


Rods, approximately 0.2-0.3 x 1.1-2.3 pm. Colonies 
on R2A agar are orange, convex, translucent, glistening, 
and circular with entire margins. Consistency is butyrous, 
becoming mucoid after prolonged incubation. Colonies 
do not adhere to the agar. No growth occurs on cetrimide 
or MacConkey agars. Grows well under aerobic conditions 
(minimum doubling time, 6.8 h), weakly under microaero- 
bic conditions (i.e., with 5-15% O, and 5-12% CO,), and 
poorly under anaerobic conditions (i.e., with 4-10% CO,). 

Catalase-positive. Arginine dihydrolase and r-phenyla- 
lanine deaminase activities are absent. The list of enzymic 
activities detected in API ZYM galleries is given in the 
original description. In this commercial system, B-galacto- 
sidase activity is not detected, whereas a positive result is 
observed in API 20NE galleries. Indole is not produced 
and citrate is not utilized. Acid is produced from p-cello- 
biose, D-glucose, trehalose, maltose, and sucrose, but not 
from p-fructose, D-mannitol, raffinose, p-salicin, D-xylose, 
L-arabinose, or L-rhamnose. Acid production from lactose 
only occurs after 4 weeks. Glucose, mannose, N-acetylglu- 
cosamine, and maltose are utilized as sole carbon sources 
in API 20NE galleries, but arabinose, mannitol, glucon- 
ate, caprate, adipate, malate, citrate, and phenylacetate 
are not. The maximum adsorption peak of pigment is at 
472 nm and the next peak is at 452 nm. Other characteris- 
tics are as given in the genus and original species descrip- 
tions and in Tables 24 and 25. 
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Source: a soil sample of a penguin habitat near the King 
Sejong Station on King George Island, Antarctica. 

DNA G+C content (mol % ): 35 (HPLC). 

Type strain: AT1048, CIP 109332, IMSNU 14050, JCM 
12385, KCTC 12224. 

Sequence accession no. (16S rRNA gene): AY581115. 


Flavobacterium soli Yoon, Kang and Oh 2006d, 999°” 
so'li. L. gen. n. soli of the soil. 


Rods, approximately 0.3-0.6 x 1.0-3.0 pm; filamentous 
cells also occur. Colonies on tryptic soy agar are cream- 
yellow, slightly convex, smooth, glistening, circular with 
entire margins, with a mucous to viscid consistency, and 
2.0-3.0 mm in diameter after 3 d at 25°C. No anaerobic 
growth occurs on plain tryptic soy agar or on tryptic soy 
agar supplemented with nitrate. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent. Xanthine and hypoxanthine are not hydrolyzed. 
Indole is not produced. Antibiotic resistances and the list 
of enzymic activities detected with the API ZYM gallery are 
given in the original description. The only substrates uti- 
lized as sole carbon sources in the API 50CH gallery are 
L-arabinose, glucose, mannose, esculin, cellobiose, maltose, 
starch, gentiobiose, and 5-ketogluconate. Other character- 
istics are as given in the genus and original species descrip- 
tions and in Tables 24 and 25. 

Source: soil samples collected on the island of Dokdo, East 
Sea (disputed between the Republic of Korea and Japan). 

DNA G+C content (mol % ): 36.9 (HPLC). 

Type strain: DS-6, CIP 108840, KCTC 12542. 

Sequence accession no. (16S rRNA gene): DQ178976. 


Flavobacterium succinicans (Anderson and Ordal 1961) 
Bernardet, Segers, Vancanneyt, Berthe, Kersters and 
Vandamme 1996, 142” [ Cytophaga succinicans Anderson and 
Ordal 1961, 136 and Reichenbach 1989c, 2045; Flexibacter suc- 
cinicans (Anderson and Ordal 1961) Leadbetter 1974, 106] 


suc.ci'ni.cans. L. n. succinum amber; N.L. n. acidum succini- 
cum succinic acid (derived from amber); N.L. part. adj. suc- 
cinicans intended to mean forming succinic acid. 


Rods, approximately 0.5 x 4.0-6.0 nm; longer (up to 
40 pm) cells may occur. In ageing cultures, cell length 
decreases and diameter increases slightly, preceding the 
appearance of spheroplasts. Colonies on media with high 
nutrient concentration are low convex and circular with 
irregular margins, whereas pale yellow, thin, spreading col- 
onies with rhizoid to filamentous margins appear on low- 
nutrient media. Non-spreading variants occur and different 
colony types may coexist on the same agar plate. Growth 
is usually aerobic, but facultatively anaerobic growth may 
occur if a fermentable carbohydrate and CO, (supplied as 
15-25 mM NaHCO,) are available. When grown anaerobi- 
cally, the cell mass is unpigmented, whereas yellow-orange 
carotenoid pigments are produced during aerobic growth. 

Catalase activity is absent or weak. Peptones, Casamino 
acids, glutamate, NH,', and NO, serve as N sources. All 
strains ferment glucose, galactose, lactose (with a lag period 
of 6-38 d), maltose, mannose, and starch; some strains also 
ferment other carbohydrates. Fermentation products are 
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succinate, acetate, and formate. Only the type strain reduces 
NO, to NO,. Susceptible to the vibriostatic compound 
O/129. Slight differences between the three strains in the 
list of fermentable carbohydrates, the catalase reaction, and 
the reduction of nitrate have been noticed by Anderson and 
Ordal (1961) and Reichenbach (1989b). Strain NCIMB 2278 
has also been found to differ from the two other strains in 
its fatty acid composition and strain NCIMB 2279 displays a 
different whole-cell protein profile (Bernardet et al., 1996). 
No DNA hybridization experiments have been performed to 
verify whether the three strains belong to the same species. 
Other characteristics are as given in the genus and original 
species descriptions and in Tables 24 and 25. Additional 
information can be found in Reichenbach (1989b) and 
Bernardet et al. (1996). 

Source: the type strain (strain Anderson and Ordal 8) was 
isolated in 1954 from the eroded caudal fin of a fingerling 
chinook salmon (Oncorhynchus tschawytscha) at the Univer- 
sity of Washington hatchery. This strain was not formally 
designated the type strain in the original description; it 
was proposed as the cotype by Reichenbach (1989b). The 
two other strains were isolated in 1957 from the water of a 
tank containing salmonid fish in the same hatchery (strain 
Anderson and Ordal 16) and from a lesion on an adult chi- 
nook salmon taken from the Snake River at Brownlee Dam 
(Idaho) (strain Anderson and Ordal 14). The pathogenic- 
ity of the isolates for fish has not been tested experimen- 
tally; they were considered nonpathogenic by Anderson and 
Ordal (1961). No other strain has been isolated since then. 

DNA G+C content (mol % ): 34.0-36.7 (Bd, T). 

(Co)type strain: Anderson and Ordal 8, Reichenbach 
Cysu3, CIP 104744, DSM 4002, IFO (now NBRC) 14905, 
LMG 10402, NCIMB 2277. 

Sequence accession no. (16S rRNA gene): D12673. 


Flavobacterium suncheonense Kim, Weon, Cousin, Yoo, 
Kwon, Go and Stackebrandt 2006a, 1648V" 


sun.che.o.nen'se. N.L. neut. adj. suncheonense of or belong- 
ing to Suncheon, a city in the Republic of Korea, from 
where the type strain was isolated. 


Rods, approximately 0.3 x 1.5-2.5 pm. Colonies on R2A 
agar are yellow, convex, and circular with entire margins. 
No growth occurs on MacConkey agar. 

Catalase-positive. Arginine dihydrolase activity is absent. 
Indole is not produced. None of the carbohydrates in the 
API 20NE gallery is assimilated. Acid is not produced from 
any of the substrates in the API 50CH gallery. Enzymic activ- 
ities detected in the API ZYM gallery are listed in the species 
description. Other characteristics are as given in the genus 
and original species descriptions and in Tables 24 and 25. 

Source: greenhouse soil, Suncheon city, Republic of Korea. 

DNA G+C content (mol 96): 39.0 (HPLC). 

Type strain: GH29-5, DSM 17707, KACC 11423. 

Sequence accession no. (16S rRNA gene): DQ222428. 


Flavobacterium tegetincola McCammon and Bowman 2000, 
1060? 

te.ge.tin”co.la. L. n. teges -etis a mat or covering; L. n. incola 
dweller; N.L. n. tegetincola (nominative in apposition) a mat- 
dweller, pertaining to the cyanobacterial mat habitat. 
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Rods, approximately 0.4—0.5 x 2-5 pm. Colonies on R2A 
agar are yellow, convex, circular with entire margins, and 
have a butyrous consistency. No growth occurs fermenta- 
tively or by anaerobic respiration using ferric iron, nitrate, 
nitrite, or trimethylamine Moxide as electron acceptors. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent. Acetoin and indole are not produced. Citrate is 
not utilized. Casamino acids serve as nitrogen sources, but 
not sodium nitrate, ammonium chloride, or r-glutamate. 
Vitamins are not required for growth. Acid is produced from 
glucose, fructose, and mannitol, but not from arabinose, 
galactose, rhamnose, xylose, sucrose, trehalose, cellobiose, 
maltose, melibiose, raffinose, adonitol, sorbitol, inositol, or 
glycerol. Uric acid and xanthine are not degraded. Other 
characteristics are as given in the genus and original species 
descriptions and in Tables 24 and 25. 

Source: the type strain was isolated from cyanobacterial 
mat material collected from Ace Lake, a marine salinity 
meromictic lake located in the Vestfold Hills area of Antarc- 
tica. Only one other strain is known. 

DNA G+C content (mol % ): 32.0-34.0 (T). 

Type strain: A103, ACAM 602, CIP 107447, LMG 21423. 

Sequence accession no. (16S rRNA gene): U85887 (type 
strain), U85888 (ACAM 603). 


Flavobacterium weaverense Yi and Chun 2006, 1242’? 


wea.ve.ren'se. N.L. neut. adj. weaverense of or belonging to 
the Weaver Peninsula in the Antarctic, the geographical ori- 
gin of the type strain. 


Rods, approximately 0.3-0.5 x 1.6-12.5 pm during the 
exponential growth phase and 0.3-0.4 x 0.7-1.5 um during 
the stationary phase. Cells occur singly or in chains in R2A 
and tryptic soy broths; filamentous cells occur in Anacker 
and Ordal’s broth. Colonies on R2A agar are bright yellow, 
convex, translucent, glistening, and circular with entire mar- 
gins. The colony consistency is viscous, becoming mucoid 
after prolonged incubation. Colonies are orange on tryptic 
soy agar. Colonies do not adhere to the agar. No growth 
occurs on cetrimide or MacConkey agars. Grows well under 
aerobic conditions (minimum doubling time, 2.9 h), weakly 
under microaerobic conditions (i.e., with 5-15% O, and 
5-12% CO,), and poorly under anaerobic conditions (i.e., 
with 4-10% CO,). 

Catalase-positive. L-Phenylalanine deaminase activity is 
absent. Arginine dihydrolase activity is present using Thorn- 
ley's semi-solid medium, but absent with the API 20NE gal- 
lery. The list of enzymic activities detected in the API ZYM 
gallery is given in the original description. Indole is not 
produced and citrate is not utilized. Acid is produced from 
D-glucose and maltose, but not from p-cellobiose, p-fruc- 
tose, p-mannitol, raffinose, p-salicin, trehalose, D-xylose, 
lactose, L-arabinose, L-rhamnose, or sucrose. Glucose, man- 
nose, Nacetylglucosamine, and maltose are assimilated (API 
20NE), but arabinose, mannitol, gluconate, caprate, adipate, 
malate, citrate, and phenylacetate are not. The maximum 
adsorption peak of pigment is at 451 nm and the next peak 
is at 479 nm. Other characteristics are as given in the genus 
and original species descriptions and in Tables 24 and 25. 

Source: a soil sample collected on the Weaver Peninsula, 
King George Island, Antarctica. 
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DNA G+C content (mol % ): 37 (HPLC). 

Type strain: AT1042, CIP 109334, IMSNU 14048, JCM 
12384, KCTC 12223. 

Sequence accession no. (16S rRNA gene): AY581114. 


Flavobacterium xanthum (Inoue and Komagata 1976) Mc- 
Cammon and Bowman 2000, 1060” ( Cytophaga xantha Inoue 
and Komagata 1976, 169 and Reichenbach 1989c, 2049) 


xan'thum. Gr. adj. xanthos yellow; N.L. neut. adj. xanthum 
yellow. 


The following description of the type strain combines the 
data of Inoue and Komagata (1976), Reichenbach (1989b), 
and McCammon and Bowman (2000). Rods, approximately 
0.4—0.5 x 0.7-2 um. Longer, filamentous cells appear in age- 
ing cultures. Colonies on PYG agar (196 peptone, 0.596 yeast 
extract, 0.376 glucose, pH 7.2; amount of agar not speci- 
fied) are bright yellow to orange-yellow, smooth, opaque, 
and circular with entire margins. No fermentation occurs 
and there is no growth by anaerobic respiration using ferric 
iron, nitrate, nitrite, or trimethylamine N-oxide as electron 
acceptors. Casamino acids, peptone, ammonium chloride, 
and r-glutamate serve as nitrogen sources. Vitamins are not 
required for growth. 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent. Acid is produced from cellobiose, fructose, glu- 
cose, maltose, mannitol, mannose, sucrose, trehalose, and 
xylose, but not from adonitol, arabinose, galactose, glycerol, 
inositol, lactose, melibiose, rhamnose, raffinose, or sorbitol. 
Formate, acetate, lactate, and hippurate are assimilated, but 
succinate, fumarate, citrate, propionate, protocatechuate, 
and {hydroxybenzoate are not. Uric acid and xanthine are 
not degraded. Acetoin and indole are not produced. Cit- 
rate is not utilized. Other characteristics are as given in the 
genus and original species description and in Tables 24 and 
25. Although a G+C content of 39.3 mol% was originally 
reported (Inoue and Komagata, 1976), values of approxi- 
mately 36 mol% were subsequently published (Bernardet 
et al., 1996; McCammon and Bowman, 2000). 

Source: the type strain was isolated from soil (a mud pool 
according to McCammon and Bowman, 2000) in Showa Sta- 
tion, Antarctica, in February 1967. Eleven additional strains 
were isolated from microbial mats in Antarctic freshwater 
lakes by Van Trappen et al. (2005). 

DNA G+C content (mol% ): 36.0 (T. ). 

Type strain: Inoue 5-O-c, ACAM 81, CIP 107448, DSM 
3661, IAM 12026, IFO (now NBRC) 14972, LMG 8372, 
NCIMB 2069. 

Sequence accession no. (16S rRNA gene): AF030380 (type 
strain), AJ601392 (R-9010). 


Flavobacterium xinjiangense Zhu, Wang and Zhou 2003, 
856" 


xin ji.ang.en’se. N.L. neut. adj. xinjiangense pertaining to 
Xinjiang, an autonomous region in north-west China from 
where the type strain was isolated. 


Rods, approximately 0.8 x 2.5-5 pm. Colonies on PYG 
agar [per I: 5.0 g polypeptone, 5.0 g tryptone, 10.0 g yeast 
extract, 10.0 g glucose, 40 ml salt solution, 15.0-20.0 g agar. 
Salt solution (per 1): 0.2 g CaCl,, 0.4 g MgSO,-7H,O, 1.0 g 
K,HPO,, 1.0 g KH,PO, 10.0 g NaHCO,, 2.0 g NaCl] are pale 
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yellow, circular, convex, and smooth, with entire margins. 
Good growth also occurs on CIP medium 469 (per 1: 10 g 
peptone, 10 g yeast extract, 5 g sodium chloride, 20 g agar). 

Catalase-positive. Arginine dihydrolase, lysine and orni- 
thine decarboxylase, and tryptophan deaminase activities 
are absent. Indole and acetoin are not produced. Citrate is 
notutilized. Peptone and Casamino acids serve as N sources, 
but sodium nitrate, ammonium chloride, and r-glutamate 
do not. Acid is not produced from glucose, fructose, xylose, 
mannitol, or maltose. Uric acid and xanthine are not 
degraded. Glucose, cellobiose, maltose, fructose, sucrose, 


arabinose, and xylose are assimilated, but sorbitol, sorbose, 
galactose, D-mannitol, raffinose, lactose, mannose, treha- 
lose, glycerol, rhamnose, melibiose, and inositol are not. 
Other characteristics are as given in the genus and original 
species descriptions and in Tables 24 and 25. 

Source: frozen soil enclosed within the China No. 1 gla- 
cier, Xinjiang Uygur Autonomous Region, China. 

DNA G+C content (mol % ): 34.4 (T. ). 

Type strain: Zhou ZF-6, AS 1.2749, CIP 108285, JCM 
11314, LMG 21985. 

Sequence accession no. (16S rRNA gene): AF433173. 


Other organisms 


These organisms, whose names have not been validly published, 
have been assigned to the genus Flavobacterium by DNA-rRNA 
hybridization (Bernardet et al., 1996) and, for two of them, by 
16S rRNA gene sequencing (Figure 27). Except for “Sporocy- 
tophaga cauliformis", only one strain is available in culture collec- 
tions (see Taxonomic comments, above). 


1. “Cytophaga allerginae" Liebert, Hood, Deck, Bishop and Fla- 
herty 1984, 941 


al.ler.gi'nae. Gr. pl. n. allot strangers; Gr. n. ergon work, act, 
deed; N.L. gen. n. allerginae intended to mean connected 
with, causing an allergy. 


The following description is a combination of data from 
the original description (Liebert et al., 1984) and unpub- 
lished data (J.-F. Bernardet, unpublished observations). Rods, 
approximately 0.3-0.5 x 3.5-9.0 um; cells up to 30 pm occur 
occasionally and spheroplasts appear in ageing broth cultures. 
Cells display gliding motility, pivoting, and flexing movements. 
Colonies on nutrient agar are bright yellow, and circular with 
entire margins. Colonies on Anacker and Ordal’s agar and on 
other media with low nutrient concentration are yellow, flat, 
and irregular with spreading rhizoid margins. Colonies do not 
adsorb Congo red and do not adhere to the agar. The positive 
KOH test and the maximum adsorption peak at 450 nm sug- 
gest that the yellow pigments belong to the flexirubin type. 
Grows at 10-30°C, but not at 4 or 37°C. Grows at pH 5.5-9.5 
and in nutrient broth containing 1.5% NaCl, but not in the 
presence of 3.0% NaCl. Good growth occurs under aerobic 
conditions; weak growth also occurs in half-strength nutrient 
broth and on plate count agar after 48 h under anaerobic con- 
ditions. Contrary to Reichenbach’s statement (1989b), anaer- 
obic growth seems to occur even in the absence of nitrate. In 
addition to the above-mentioned media, growth also occurs 
on nutrient, plate count, Cook's (per I: 2 g tryptone, 10 g 
agar), and vy/2 (per 1l: 5 g bakers’ yeast, 1 g CaCl,-2H,O, 1 mg 
vitamin B,,, 15 g agar) agars, but not on MacConkey agar. 

Catalase-positive. B-Galactosidase activity is present, but 
arginine dihydrolase, lysine and ornithine decarboxylase, 
phenylalanine deaminase, urease, and DNase activities are 
absent. Casein, gelatin, tyrosine, Tweens 20 and 80, glycerol 
tributyrate, starch, chitin, and carboxymethylcellulose are 
degraded, but agar, alginate, and cellulose are not. A dark 
brown diffusible melanic pigment is produced on tyrosine 
agar and a precipitate is produced on egg-yolk agar. Acid is 
produced from glucose, maltose, cellobiose, and arabinose, 
but not from lactose or sucrose. Glucose is not fermented. 
Indole and H,S are not produced. Nitrate is not reduced. 


Antibiotic resistances are listed in the original description. 
A biologically active endotoxin is produced. According to 
Liebert et al. (1984), the only available strain of “Cytophaga 
allerginae’ shares approximately 78% DNA relatedness with 
the Flavobacterium hydatis type strain. However, J.-F. Bernar- 
det (unpublished data) found only 34% DNA relatedness 
between these two strains, and 16% between “Cytophaga aller- 
gina’ and the Flavobacterium johnsoniae type strain. Fatty acid 
and whole-cell protein analyses as well as DNA-rRNA hybrid- 
ization have confirmed that “Cytophaga allerginae’ belongs 
to the genus Flavobacterium (Bernardet et al., 1996), but 16S 
rRNA studies and additional DNA-DNA hybridizations are 
needed to allocate it to a new or a described species. Addi- 
tional information can be found in Liebert et al. (1984), 
Reichenbach (1989b), and Bernardet et al. (1996). 

Source: an industrial water spray air humidification system; 
isolated following several cases of lung disease with hyper- 
sensitivity pneumonitis-like symptoms that occurred in the 
late 1970s in a United States textile facility. The strain was 
identified as the source of the endotoxin responsible for the 
symptoms (Flaherty et al., 1984; Liebert et al., 1984). This 
was the first report of a Flavobacterium strain implicated in 
an industrial health-related disease; no other case has been 
reported since then. 

DNA G+C content (mol % ): 34-34.8 (T. ). 

Type strain: WF-164, ATCC 35408. 


. “Flexibacter aurantiacus var. excathedrus” Lewin 1969, 200 


au.ran.ti'a.cus. N.L. masc. adj. aurantiacus orange-colored. 
ex.cath.e'drus. L. prep. ex out of; L. n. cathedra a chair, a 
stool, an arm-chair and, by extension, a cathedral; N.L. masc. 
adj. excathedrus from a cathedral, referring to the origin of 
the strain, a pool in a cathedral. 


Rods, approximately 0.3—0.5 x 5.0-10.0 pm. Active gliding 
occurs. Colonies on modified Shieh agar (Song et al., 1988) 
are yellow, low convex, and circular with regular to lobate 
margins (J.-F. Bernardet, unpublished data). No growth 
occurs on media with half-strength sea water. Good growth 
occurs at 25°C and the highest growth temperature is 40°C. 

Catalase-negative. Gelatin, tyrosine, and starch are 
degraded, but agar, alginate, and carboxymethylcellulose are 
not. A dark brown diffusible melanic pigment is produced on 
tyrosine agar. H,S is not produced and nitrate is not reduced. 
Tryptone, Casamino acids, and sodium glutamate are used 
as nitrogen sources. Additional information can be found in 
Lewin (1969), Lewin and Lounsbery (1969), and Reichen- 
bach (1989b). Fatty acid and whole-cell protein analyses have 
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shown that “Flexibacter aurantiacus var. excathedrus" belongs to 
the genus Flavobacterium (Bernardet et al., 1996). 

Flexibacter aurantiacus was proposed by Lewin (1969) and 
Lewin and Lounsbery (1969) to accommodate two strains 
received as “Cytophaga aurantiaca” and “Cytophaga psychro- 
phila’, but DNA-DNA hybridization later demonstrated 
that they actually represented two strains of Flavobacteriwm 
johnsoniae (Bernardet et al., 1996) (see above). Two variants 
had also been proposed by Lewin (1969) and Lewin and 
Lounsbery (1969): the marine organism “Flexibacter auran- 
liacus var. copepodarum" and the freshwater isolate “Flexi- 
bacter aurantiacus var. excathedrus'. DNA-rRNA hybridization 
experiments have allocated these strains to the marine clade 
of the family Flavobacteriaceae and to the close vicinity of Fla- 
vobacterium columnare, respectively (Bernardet et al., 1996). 
The position of “Flexibacter aurantiacus var. excathedrus" was 
later defined more accurately by 16S rRNA studies (Figure 
27), but DNA-DNA hybridizations are needed to determine 
whether it can be considered a Flavobacterium columnarestrain 
or if the description of a novel species is necessary. Any fur- 
ther study will have to take into consideration the taxonomic 
status of the three genomovars of l'lavobacterium columnare 
(see Taxonomic comments, above). 

Source: a freshwater pool in (or near?) a cathedral, Car- 
tago, Costa Rica. 

DNA G+C content (mol % ): 32.5-34.5 (TT. ). 

Type strain: Lewin CR-134, ATCC 23086, IFO 16024, LMG 
3986. 

Sequence accession no. (16S rRNA gene): AB078045. 


. “Promyxobacterium flavum” Imshenetski and Solntseva 
1945, 224 


fla'vum. L. neut. adj. flavum golden yellow. 


This organism is remarkably pleomorphic. Rods may be 
stout, almost coccoid (approx. 0.6-0.7 x 1.0-2.5 um) to slen- 
der and flexible (approx. 0.4-0.5 x 2.5-6.0 pm). The stout 
forms are dominant in ageing broth cultures. Gliding motility 
is present. Colonies are bright yellow and compact with more 
or less lobate to spreading margins on rich media, whereas 
yellow, thin, spreading swarms tend to occupy all the sur- 
face of media with low nutrient concentration. The yellow 
pigments belong to the flexirubin type (positive KOH test). 
Good growth occurs on nutrient and modified Shieh agars 
(Song etal., 1988) at 30°C (Bernardet et al., 1996). No growth 
occurs on media prepared with full-strength seawater. 

Metabolism is strictly aerobic. Catalase-negative. Weakly 
oxidase-positive. Proteins, peptones, and nitrate may serve as 
sole nitrogen sources. Glucose may serve as the sole source 
of carbon and energy. Reichenbach (1989b) reported rea- 
sonable growth on a mineral agar containing KNO, and 
glucose. Acid is produced from glucose. Gelatin, starch, 
hemicellulose, and pectin are degraded, but agar, chitin, 
and cellulose are not. Additional information can be found 
in Reichenbach (1989b). Fatty acid and whole-cell protein 
analyzes as well as DNA-rRNA hybridization have shown that 
“Promyxobacterium flavum" belongs to the genus Flavobacterium 
(Bernardet et al., 1996), but 16S rRNA studies and DNA- 
DNA hybridizations are needed to allocate it to a new or a 
described species. 

Source: the original strains isolated from soil in Russia by 
Imshenetski and Solntseva (1945) have been lost. A strain 
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was isolated by Vozniakovskaia and Rybakova (1969) from 
the rhizosphere of a tomato plant in Russia. As its scant 
description was in accordance with the original species 
description, this strain has been accepted as the neotype 
strain by Reichenbach (1989b). The above-mentioned char- 
acteristics are those reported by this author for the neotype 
strain. 

DNA G+C content (mol % ): 33.0-34.5 (Bd, T). 

(Neo)type strain: Vozniakovskaya 19, VKM B-1553, DSM 
3577, LMG 10389. 


4. “Sporocytophaga cauliformis” Graf 1962, 124 


cau.li.for'mis. L. n. caulis stalk, stem; L. adj. suff. -formis 
shaped like; N.L. fem. adj. cauliformis stalk-shaped, stalked. 


Rods, approximately 0.4 x 2.0-5.0 pm, flexible, and glid- 
ing. Colonies on relatively rich media such as nutrient agar 
are compact with more or less spreading margins, whereas 
thin, large, spreading swarms appear on media with low 
nutrient concentration such as CY agar (per 1: 3.0 g casitone, 
1.36 g CaCl,-2H,O, 1.0 g yeast extract, 15.0 g agar, pH 7.2). 
The yellow to orange pigments belong to the flexirubin type 
(positive KOH test). Grows at 5-30°C and optimally at 22°C. 

Catalase- and urease-negative. Oxidase-positive. Peptones 
may serve as sole N source; NH, is released from peptones. 
Acid is not produced from carbohydrates. Starch is degraded, 
but cellulose and agar are not. Indole and H,S are not pro- 
duced. Nitrate is not reduced. According to Reichenbach 
(1989b), the classification of this organism in the genus 
Sporocytophaga resulted from the misinterpretation of several 
degenerative phenomena. Some confusion also occurred 
with other freshwater isolates and two types were described, 
each of them represented by a single strain. "Sporocytophaga 
cauliformis” type 2 was considered the type strain of the spe- 
cies; it is catalase-negative and does not produce acid from 
carbohydrates. Conversely, “Sporocytophaga cauliformis" type 1 
(Graf Z2-NCIMB 9487=DSM 3656=LMG 8362) is positive for 
these two traits. Also, the DSMZ Catalog of Strains states that 
type 2 degrades chitin and pectin, whereas no such mention 
is made for type 1. 

Fatty acid and whole-cell protein analyses, as well as DNA- 
rRNA hybridization, have unequivocally shown that the 
two "Sporocytobhaga cauliformis” strains belong to the genus 
Flavobacterium (Bernardet et al., 1996). A 16S rRNA gene 
sequence is available for the type strain (type 2) (Gherna 
and Woese, 1992). In phylogenetic trees, its closest neigh- 
bors are Flavobacterium saccharophilum, Flavobacterium pectino- 
vorum, and several recently described Flavobacterium species 
(Figure 27), but DNA-DNA hybridization data are needed 
to elucidate their relationship at the species level. Moreover, 
phenotypic differences, discrepancies in the respective pro- 
portions of some fatty acids, distinct positions in the dendro- 
gram derived from whole-cell protein profiles, and rather 
different DNA G+C contents suggest that the two “Sporocy- 
tophaga cauliformis" strains probably belong to different spe- 
cies (Bernardet et al., 1996). 

Source: water, Lake Constance (Bodensee), Germany. 

DNA G+C content (mol % ): 35.0-36.2 [Bd, T ; Type 2 (type 
strain) ]; 31.0-33.5 (Bd, T ; Type 1). 

Type strain: (“Sporocytophaga cauliformis" type 2) Graf Z6, 
NCIMB 9488, DSM 3657, LMG 8363. 

Sequence accession no. (16S rRNA gene): M93151. 
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Genus II. Aequorivita Bowman and Nichols 2002, 1538" 


JoHN P. Bowman 


Ae.quo.ri.vi'ta. L. n. aequor -oris the even surface of the sea in its quiet state; L. fem. n. vita life; N.L. fem. n. 


Aequorivita life (living being) at the sea surface. 


Cells are straight or slightly curved rods or filaments, 0.5- 
20 x 0.2-0.5 pm. Gram-stain-negative. Cells occur singly or in 
pairs. Spores and resting cells are not present. Gas vesicles and 
helical or ring-shaped cells are not formed. Nonmotile. Strictly 
aerobic, having an oxidative metabolism. Catalase-positive. 
Oxidase test is weakly positive. Chemoheterotrophic. Non- 
agarolytic. Colonies are orange or yellow due to production of 
carotenoids. Flexirubin pigments are not produced. Some spe- 
cies require Na* for growth. Tolerates up to 6% NaCl; growth 
with 10% NaCl is either weak or absent. Best growth occurs in 
organic media containing 1-3% NaCl or seawater salts. All spe- 
cies produce alkaline phosphatase and esterase and hydrolyze 
L-tyrosine and gelatin. Some species are strongly proteolytic 
and/or lipolytic. Psychroactive. Growth occurs between -2 and 
25*C. Optimal growth occurs at 20°C. Neutrophilic, with opti- 
mal growth occurring at pH 7.0-7.5. The major fatty acids are 
C,,., 010ciso, C,., @10c anteiso, C,., iso, Ci; anteiso, Cj, 6c 


15:1 15:0 “16:1 
iso, C,., w5c iso, C... w7c anteiso, and C,.. 3-OH iso. Known 


habitats include polar ocean seawater, pees and quartz stone 
sublithic communities located in polar maritime ice-free zones. 
Also reported to be associated with deep-sea invertebrates. 
DNA G+C content (mol % ): 33-39. 
Type species: Aequorivita antarctica Bowman and Nichols 


2002, 1539V". 


Further descriptive information 


The genus Aequorivita belongs to the family Flavobacteriaceae 
and is most closely related to the seawater species Vitellibacter 
vladivostokensis (Nedashkovskaya et al., 2003c). With Vitellibacter, 
it forms a relatively distinct phylogenetic lineage in the family 
Flavobacteriaceae. 

Phenotypic traits differentiating the species of Aequorivita 
are shown in Table 26. All species possess catalase, oxidase 
(weakly), alkaline phosphatase, and esterase (Tween 80 as 
substrate) activities. L-Tyrosine is hydrolyzed and, thus, pre- 
sumably metabolized. Gelatin is also liquefied by all species. 
The species possesses a range of DNA G+C values (Table 26) 
that are typical of members of the family Plavobacteriaceae. 
Fatty acid profiles are quite similar between the species and 
are composed of almost entirely branched chain C,.-C,, fatty 
acids (Table 27). 

The species exhibit only a limited capacity to utilize sole car- 
bon and energy sources, showing only poor, equivocal growth 
on defined media containing a variety of different substrates 
even when supplemented with yeast extract and a vitamin solu- 
tion. This suggests other unknown growth factors, present in 
complex media used for routine growth, are required by strains 
of this genus. 

Aequorivita species have been found to be negative for the fol- 
lowing phenotypic characteristics: anaerobic growth (including 
growth by ferric iron reduction as well as carbohydrate fermen- 
tation in the presence and absence of nitrate); oxidative and 
fermentative acid production from sugars and sugar alcohols; 
tolerance to NaCl levels of 1296 or greater; tolerance to 196 ox 


bile salts; hydrolysis of polysaccharides (however, Aequorivita 
antarctica can attack starch); decomposition of uric acid and 
xanthine; lysine decarboxylase, arginine dihydrolase, ornithine 
decarboxylase, o-arabinosidase, a-fucosidase, -glucosidase, 
B-galactosidase, 6-phospho-f-galactosidase, and f-glucuroni- 
dase activities; indole production and Voges-Proskauer tests; 
and the bathochromic shift assay to detect the presence of flex- 
irubin-type pigments. 

Although the presently described species were obtained from 
Antarctic marine and marine-influenced ecosystems (Bowman 
and Nichols, 2002; Smith et al., 2000), other studies indicate 
that members of the genus may be relatively widespread, pres- 
ent in the Arctic and in association with deep-sea invertebrates 
(Sfanos et al., 2005; unpublished sources). Of the four known 
species in the genus Aequorivita, all except Aequorivita crocea, have 
been isolated from quartz stone sublithic samples. These consti- 
tute cyanobacterial-dominated biofilm-like communities exist- 
ing on the bottom surfaces of semi-translucent quartz stones, 
protected from surrounding extreme weather conditions, par- 
ticularly freezing and desiccation. The location of the quartz 
stones studied so far has been entirely confined to coastal ice- 
free regions of Antarctica. Aequorivita strains were not isolated 
from soil underlying quartz stone subliths or the immediately 
adjacent soils, suggesting that quartz stone sublithic communi- 
ties represented a form of refuge or oasis for these bacteria. 
Aequorivita antarctica, Aequorivita crocea, and Aequorivita lipolytica 
have also been found in coastal Antarctic sea-ice and under-ice 
seawater, suggesting that sublithic environments may be inocu- 
lated by windborne marine particulate deposition (Smith et al., 
2000). 


Enrichment and isolation procedures 


Marine agar (Difco, Oxoid) is used for isolation of Aequorivita 
species from sea-ice and seawater samples. Potentially, isolates 
can be obtained from sea-ice samples, pre-melted at 2-4^C in 
sterile seawater, and polar seawater samples, diluted in artifi- 
cial seawater and directly plated onto marine agar. Incubation 
proceeds at 2-4^C. For isolation of strains from quartz stone 
subliths, sublithic biomass is scraped off stones using a sterile 
scalpel and suspended, vortexed, and then diluted in trypticase 
soy broth containing 1% NaCl. The suspensions are serially 
diluted and spread onto agar plates and incubated at 4—10°C. 
Aequorivita strains can be grown routinely either on marine agar 
or trypticase soy agar containing 1% NaCl. No selective media 
are available for this genus at present and so strains must be 
identified empirically from amongst the orange- or yellow-pig- 
mented colonies arising from primary isolation plates. 


Maintenance procedures 


Strains can be maintained for many years cryopreserved in 
marine broth containing 20-30% glycerol. Strains survive for 
many months, potentially years, on thick agar plates or on 
slants, stored at 2-4?C. Strains may also be maintained by lyo- 
philization, although the survival level is presently unknown. 
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TABLE 26. Differential characteristics of Aequorivita species* 


š 
Š N = = 
Characteristic < < < < 
Morphology Rods, filaments Rods Rods Rods, filaments 
Dimensions (um) 0.5-20 x 0.2-0.3 0.5-3.0 x 0.4-0.5 0.5-3.0 x 0.4—0.5 0.5-20 x 0.4—0.5 
Pigment Orange Yellow Yellow Orange 
Na‘ requirement for growth + = + + 
p-Glucose utilization + = =: =s 
Urease d - d * 
a-Galactosidase d S - - 
a-Glucosidase d - i - 
N-Acetyl-B-glucosaminidase = = -= + 
Lipase (olive oil) _ _ + _ 
Extracellular DNase _ = _ 
Egg yolk reaction = = + - 
Hydrolysis of: 
Esculin + + + - 
Tributyrin = = + = 
Starch + = = 
Casein - * * = 
Elastin d + + - 
DNA G+C content (mol%) 38-39 33-34 35-36 36-37 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive. 


TABLE 27. Whole-cell fatty acids present in Aequorivita species* 


8 
š š = š 
Fatty acid < < < < 
Saturated fatty acids: 
Cis tr tr tr 34 
PN 1.9 2.9 1.2 tr 
Branched-chain fatty acids: 
C, ,,, iso tr tr tr tr 
Ci; @10ciso 8.5 8.9 10.5 12.9 
C,,,, ©10¢ anteiso 16.0 13.8 23.0 8.5 
C z:o iso 7.6 15.9 16.3 16.8 
Cso anteiso 15.7 19.2 20.7 17.8 
C,,., @6c iso 3.0 6.2 7.4 6.7 
Zigo 180 1.4 4.7 1.2 5.3 
C,,,, @5c iso 5.8 8.6 4.8 9.7 
C,,,, 07canteiso 5.0 3.2 4.2 2.5 
Monounsaturated fatty acids: 
Ci; o6¢ tr nd nd tr 
Cu 07c 7.8 2.9 1.2 tr 
Hydroxy fatty acids: 
Ciz. 9-OH iso 5.4 2.9 1.7 2.l 
Ciso 3-OH anteiso 5.8 1.6 1.6 tr 
Ciso 9-OH iso 9.2 4.4 2.1 5.6 
Ciz 9-OH iso 2.0 nd 2.3 4.5 
C, | 3-OH anteiso 2.9 4.2 nd 4.0 
Other 2.7 2.5 tr tr 


“Values are given as percentages of total fatty acids; tr, trace level detected (<1% of 
total fatty acids); nd, not detected. 


Differentiation of the genus Aequorivita from other genera 


The most salient traits useful for distinguishing Aequorivita from 
other members of the Flavobacteriaceaeinclude a strictly oxidative 
metabolism, the inability to form acid from carbohydrates, the 
inability to grow on defined mineral salts media, a lack of flex- 
irubin production, a lack of motility, low growth temperatures 
(e.g., growth at 4°C, no growth at 30°C or more), a requirement 
for Na: for growth, and a lack of agarolytic activity. Aequorivita 
differs most significantly from its closest relative, Vitellibacter 
vladivostokensis (Nedashkovskaya et al., 2003c), in terms of flex- 
irubin production (positive for Vitellibacter vladivostokensis) and 
growth temperature (Vitellibacter vladivostokensis can grow at 
43°C). The DNA G+C content of Vitellibacter vladivostokensis is 
41 mol%, which is higher than that found for all Aequorivita 
species. The fatty acid profile of Vitellibacter vladivostokensis also 
differs from that of Aequorivita spp. by having a very high C,., 
iso content. 


Taxonomic comments 


The genus Aequorivita includes four species, Aequorivita antarc- 
tica, Aequorivita crocea, Aequorivita libolytica, and Aequorivita sub- 
lithincola. Genomic DNA-DNA hybridization levels were highest 
between Aequorivita lipolytica and Aequorivita crocea, ranging 
from 44-57%. Both of these species occur as rod-like cells (0.5— 
3.0 x 0.4—0.5 pm) and form yellow colonies. This corresponds 
clearly with 16S rRNA gene sequence data, which indicates 
that these species are closely related, sharing a gene sequence 
similarity of 98%. By comparison, Aequorivita antarctica and 
Aequorivita sublithincola strains appear as rod-like to filamentous 
cells (0.5-20 x 0.2-0.5 pm) and form orange colonies. These 


GENUS III. ALGIBACTER 


species are more genetically distinct, especially Aequorivita sub- 
lithincola, which occurs as an outlier in the Aequorivita 16S rRNA 
gene cluster. Aequorivita antarctica shares 32-39% DNA-DNA 
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hybridization with Aequorivita crocea and Aequorivita lipolytica. 
Aequorivita sublithincola genomic DNA hybridization values with 
the other species are below background hybridization levels. 


List of species of the genus Aequorivita 


1. Aequorivita antarctica Bowman and Nichols 2002, 1539"" 


ant.arc'ti.ca. L. fem. adj. antarctica southern; here of or 
belonging to Antarctica. 


Characteristics are as given for the genus and as listed in 
Table 26. 

Source: seawater (ice-covered polar regions), sea-ice, and 
quartz stone sublithic material. 

DNA G+C content (mol % ): 38-39 (T. ). 

Type strain: SW49, ACAM 640, DSM 14231. 

Sequence accession no. (16S rRNA gene): AY027802. 


2. Aequorivita crocea Bowman and Nichols 2002, 1540” 
cro'ce.a. L. fem. adj. crocea saffron-colored, yellow. 


Characteristics are as given for the genus and as listed in 
Table 26. 

Source: seawater (ice-covered polar regions) and sea-ice. 

DNA G«C content (mol % ): 33-34 (T). 

Type strain: YY2-2, ACAM 642, DSM 14293. 

Sequence accession no. (16S rRNA gene): AY027806. 


3. Aequorivita lipolytica Bowman and Nichols 2002, 1539W 


li.po.ly'ti.ca. Gr. n. lipos fat; Gr. adj. lytikos dissolving; N.L. 
fem. adj. lipolytica fat-dissolving. 

Characteristics are as given for the genus and as listed in 
Table 26. 

Source: seawater (ice-covered polar regions) and quartz 
stone sublithic material. 

DNA G+C content (mol % ): 35-36 (T). 

Type strain: Y10-2, ACAM 641, DSM 14236. 

Sequence accession no. (16S rRNA gene): AY027805. 


4. Aequorivita sublithincola Bowman and Nichols 2002, 1540” 


sub.lith.in'co.la. L. pref. sub below; Gr. n. lithos stone; L. nom. 
n. incola an inhabitant; N.L. n. sublithincola an inhabitant 
below stone. 


Characteristics are as given for the genus and as listed in 
Table 26. The description is based on a single isolate. 

Source: quartz stone sublithic material. 

DNA G+C content (mol % ): 36-37 (T). 

Type strain: 9-3, ACAM 643, DSM 14238. 

Sequence accession no. (16S rRNA gene): AY170749. 


Genus III. Algibacter Nedashkovskaya, Kim, Han, Rhee, Lysenko, Rohde, Zhukova, Frolova, Mikhailov 
and Bae 2004d, 1260"? 


OLGA |. NEDASHKOVSKAYA AND SEUNG Bum Kim 


Al.gi.bac'ter. L. fem. n. alga seaweed; N.L. masc. n. bacter from Gr. n. bacterion rod; N.L. masc. n. Algibacter 


rod isolated from seaweed. 


Thin rods usually measuring 0.4-0.5 x 2-3 pm. Motile by gliding. 
Produce non-diffusible orange pigments. No flexirubin types of 
pigments are formed. Chemoorganotrophs. Can ferment D-glu- 
cose. Positive for oxidase, catalase, alkaline phosphatase, and 
P-galactosidase. Chitin and cellulose (CM-cellulose and filter 
paper) are not degraded, but other polysaccharides including 
agar, alginate, starch, gelatin, and Tweens may be decomposed. 
Do not grow without seawater or sodium ions. The major respi- 
ratory quinone is MK-6. Phosphatidylethanolamine is the main 
polar lipid compound. 

DNA G+C content (mol96): 31-33 (T). 

Type species: Algibacter lectus Nedashkovskaya, Kim, Han, 
Rhee, Lysenko, Rohde, Zhukova, Frolova, Mikhailov and Bae 
2004d, 12607, 


Further descriptive information 


Phylogenetic analysis of nearly complete 16S rRNA gene 
sequences of strains of the genus Algibacter has revealed that its 
close relatives are members of the genera Bizionia and Formosa 
with a similarity range of 94.2-95.3%. 

The main cellular fatty acids are straight-chain unsaturated 
and branched-chain unsaturated fatty acids (C,. iso, C}; , anteiso, 
C,,., iso, Ciz. Cis 6c C, iso 3-OH, and C; iso 3-OH). 


15:0? 15:0 17:0 


On marine agar 2216 (Difco), the algibacters form regular, 
round, shiny colonies that are sunk in the agar, transparent with 
entire edges, and bright orange with diameters of 3-4 mm after 
48 h at 28°C. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), prepared 
with native or artificial seawater or supplemented with 2-3% 
NaCl. Growth occurs at 4-35*C, at pH 5.5-10.0, and with 1-6% 
NaCl. The optimal temperature for growth is 21-23*C and the 
optimal pH is between 7.5 and 8.3. 

Strains of the genus Algibacter are susceptible to carbenicil- 
lin, lincomycin, and oleandomycin, but resistant to ampicillin, 
benzylpenicillin, gentamicin, kanamycin, neomycin, polymyxin 
B, streptomycin, and tetracycline. 

The algibacters are dwellers of coastal marine environments 
and strains have been isolated from seaweeds collected in the 
temperate latitudes. 


Enrichment and isolation procedures 


The algibacters were isolated from seaweeds using the direct 
plating technique on marine agar (Difco). Natural or artificial 
seawater is sufficient for their cultivation. All isolated strains 
have been grown on media containing 0.5% peptone and 
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0.1-0.2% yeast extract (Difco). The algibacters remain viable 
on marine agar (Difco) or other rich media based on natural 
or artificial seawater for several weeks. They can survive storage 
in marine broth or artificial seawater supplemented with 20% 
glycerol (v/v) at -80°C for at least 5 years. 


Differentiation of the genus Algibacter from other genera 


Algibacters are able to move by means of gliding, to hydrolyze 
agar, and to produce acid from carbohydrates, in contrast with 
their nearest neighbors, Bizionia species (Bowman and Nichols, 
2005; Nedashkovskaya et al., 2005a). DNA G+C content may also 
be used for differentiation of these two genera (31-33 mol% 
for Algibacter and 37-45 mol% for Bixionia). The combination 
of phylogenetic distances, the distinctiveness of the cellular 
fatty acid composition, and growth only with seawater or NaCl 
enable algibacters to be differentiated from their other near- 
est neighbor, Formosa (Nedashkovskaya et al., 2006d). Algibacter 
strains clearly differ from those of the close relative Lacinutrix 
in the ability to move by gliding, to produce acid from carbohy- 
drates, to hydrolyze agar, and by the lower DNA G4C content 
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(Bowman and Nichols, 2005; Nedashkovskaya et al., 2004d). In 
comparison with species of the other closest relative, Gaetbuli- 
bacter, algibacters produce gelatinase, but not nitrate reductase 
(Jung et al., 2005). In addition, they can be distinguished by 
their temperature range for growth (31—33°C for Algibacter and 
13-40*C for Gaetbulibacter). p-Glucose fermentation is a help- 
ful phenotypic feature that enables differentiation between 
algibacters and their close relatives Bizionia, Lacinutrix, Olleya, 
Psychroserpens, and. Winogradskyella (Bowman et al., 1997; Bow- 
man and Nichols, 2005; Lau et al., 2005a; Mancuso Nichols 
et al., 2005; Nedashkovskaya et al., 2005a). Algibacters produce 
agarase and amylase, in contrast to the genus Olleya, and the 
DNA G4C content is lower than the value determined for Olleya 
(31-33 and 49 mol%, respectively) (Mancuso Nichols et al., 
2005). Several phenotypic features, e.g. gliding motility and 
production of oxidase, agarase, and amylase, that are found 
in algibacters are not observed among Psychroserpens strains 
(Bowman etal., 1997). Species of the genus Psychroserpens hydro- 
lyze casein and Tween 80 and have a lower DNA G+C content 
(27-29 mol%), in contrast to the algibacters (31-33 mol%). 


List of species of the genus Algibacter 


1. Algibacter lectus Nedashkovskaya, Kim, Han, Rhee, Lysenko, 
Rohde, Zhukova, Frolova, Mikhailov and Bae 2004d, 1260V* 


lec'tus. L. masc. adj. lectus chosen, select, referring to a bacte- 
rium that forms select, beautiful colonies. 


Cells are rod-shaped, 0.4—0.5 pm in width and 2-3 pm in 
length. Colonies are circular, 3-4 mm in diameter, convex, 
shiny, sunk in the agar, bright orange in color, and translu- 
cent on solid media containing high nutrient components. 
Na: ions are required for growth. Growth occurs at 4—35°C. 
The optimal temperature for growth is 21-23*C. Growth 
occurs with 1-6% NaCl. The pH range for growth is 5.5— 
10.0, with optimum growth occurring between pH 7.5 and 
8.3. Agar, gelatin, alginate, starch, and Tweens 20 and 40 are 
hydrolyzed, but casein, Tween 80, and DNA are not. Acid is 
produced from p-cellobiose, L-fucose, D-galactose, D-glucose, 


maltose, sucrose, and DL-xylose, but not from L-arabinose, 
D-actose, melibiose, raffinose, glycerol, inositol, or man- 
nitol. L-Rhamnose and Macetylglucosamine are oxidized. 
p-Lactose and D-mannose are utilized, but not L-arabinose, 
adonitol, dulcitol, mannitol, inositol, sorbitol, malonate, or 
citrate. Nitrate is not reduced to nitrite. Indole, H,S, and 
acetoin (Voges—Proskauer reaction) are not produced. The 
organisms are susceptible to carbenicillin, lincomycin, and 
oleandomycin, but they are resistant to ampicillin, benzyl- 
penicillin, gentamicin, kanamycin, neomycin, polymyxin B, 
streptomycin, and tetracycline. 

Source: three strains were isolated from the green algae Acro- 
siphonia sonderi and Ulva fenestrata, Troitsa Bay, Sea of Japan. 

DNA G+C content (mol % ): 31-33 (T). 

Type strain: KMM 3902, KCTC 12103, DSM 15365. 

Sequence accession no. (16S rRNA gene): AY187689. 


Genus IV. Aquimarina Nedashkovskaya, Kim, Lysenko, Frolova, Mikhailov, Lee and Bae 2005f, 227’? emend. 
Nedashkovskaya, Vancanneyt, Christiaens, Kalinovskaya, Mikhailov and Swings 2006f, 2039 


O aa |. NEDASHKOVSKAYA, MARC VANCANNEYT AND SEUNG Bum Kim 


Aqui.ma.ri'na. L. fem. n. aqua water; L. adj. marinus -a -um marine; N.L. fem. n. Aquimarina an organism 


of seawater. 


Thin rods usually measuring 0.2-0.5 pm in width and 1.0— 
15.0 um in length. Cells of some species can move by means of 
gliding. Produce non-diffusible carotenoid pigments. Flexiru- 
bin type of pigments can be produced. Chemoorganotrophs. 
Strictly aerobic. Halophilic. Positive for oxidase, catalase, and 
alkaline phosphatase. Arginine dihydrolase, lysine decarboxy- 
lase, ornithine decarboxylase, and tryptophan deaminase are 
not produced. Casein, gelatin, and Tweens 20, 40 and 80 are 
hydrolyzed. Urea and cellulose (CM-cellulose and filter paper) 
are not attacked, but agar, starch, DNA, and chitin may be 
decomposed. Nitrate reductase is not produced. Require seawa- 
ter or sodium ions for growth. Indole and acetoin production is 


negative. The major respiratory quinone is MK-6. Marine, from 
coastal habitats. 

DNA G«C content (mol96): 31-38 (T). 

Type species: Aquimarina muelleri Nedashkovskaya, Kim, 
Lysenko, Frolova, Mikhailov, Lee and Bae 2005f, 227°". 


Further descriptive information 


The predominant cellular fatty acids are straight-chain unsatu- 


rated and branched-chain unsaturated fatty acids (C,., iso, C 


15:1 15:0 


iso, Ci; iso 3-OH, C,,, iso 9c, C,,, iso 3-OH) and summed 
feature 3, comprising iso-C,., iso 2-OH and/or C, o7c 
(Table 28). 
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TABLE 28. Fatty acid content of species of the genus Aquimarina*^ 


E $ š > g5 

S $5 EO EE: 

3 N sa SO so 

&C š É EZ SQ 
Fatty acid xd xU < xd 
C,,,, iso 1.5 tr tr 
C, iso 1.3 
Ces 1.0 4.5 14 5.8 
C, iso 6 tr 1.6 
Ciso 20H 1.1 
C,,,, iso 22.2 20.2 25.9 18.4 
C; iso 5.2 5.2 7.8 7.3 
C,,, iso 3-OH 9.7 6.9 7.0 7.0 
Giso 1.2 
Ciso SOH 1.5 tr 2.0 
C, iso tr 4.0 tr 2.7 
C,,, iso H 14 tr 14 
C,,, iso 3-OH tr 29 tr 2.5 
C,,, OH 1.0 11 
C,,,, o6¢ 1.4 tr 1.6 
C,,, iso @9c 9.9 3.7 12.7 4.7 
Cz, iso 3OH 37.6 31.9 32.6 30.5 
C. @5¢ 1.0 
Summed feature 3° 6.8 3.7 5.0 6.4 


“Values refer to the percentage of total fatty acids. Fatty acids amounting to less 
than 1% in all taxa are not given. Data from Yoon et al. (2006b) and Nedashkovs- 
kaya et al. (2006f). 

btr, less than 1%. 


‘Summed features consist of one or more fatty acids that could not be separated 
by the Microbial Identification System. Summed feature 3: C., iso 2-OH and/ 
or C, 7c. 


On marine agar 2216 (Difco), strains of Aquimarina form 
regular or rhizoid, round, usually shiny colonies that are sunk 
into the agar or flat, red, dark-red, orange or yellow-brownish 
colonies with a diameter of 1—4 mm after 48 h at 28°C. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), prepared 
with natural or artificial seawater or supplemented with 2-3% 
NaCl. All strains grow at 10-33°C and with 1-5% NaCl. 

Strains of Aquimarina are susceptible to ampicillin, chloram- 
phenicol, doxycycline, erythromycin, lincomycin, and olean- 
domycin, but resistant to gentamicin, kanamycin, neomycin, 
and polymyxin B. The susceptibility to benzylpenicillin, car- 
benicillin, streptomycin, and tetracycline varies depending on 
the strain. 

The aquimarinas inhabit coastal marine environments. 
Strains have been isolated from seawater and echinoderms in 
the temperate latitudes. 


Enrichment and isolation procedures 


The aquimarinas were isolated by direct plating on marine agar 
(Difco). Natural or artificial seawater is satisfactory for their 
cultivation. All isolated strains have been grown on media con- 
taining 0.5% peptone and 0.1-0.2% yeast extract (Difco). The 
strains may remain viable on marine agar (Difco) or other rich 
media based on natural or artificial seawater from 3 d to several 
weeks. They can survive storage in marine broth or artificial 
seawater supplemented with 2096 (v/v) glycerol at -80*C for at 
least 5 years. 
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Differentiation of the genus Aquimarina from other genera 


Aquimarina species clearly differ from their closest relatives, 
members of the genus Kordia, by production of flexirubin type 
pigments and the absence of acid formation from carbohydrates 
(Nedashkovskaya et al., 2005f, 2006f; Sohn et al., 2004). More- 
over, aquimarinas produce catalase and grow with Na* ions, in 
contrast to Kordia algicida, which requires not only Nar, but also 
Ca** and Mg” ions for growth. 


Taxonomic comments 


The 16S rRNA gene sequence similarities of Aquimarina inter- 
media with Aquimarina muelleri and Aquimarina latercula are 
96.4 and 96.396, respectively. The sequence similarity between 
Aquimarina muelleri and Aquimarina latercula is 95.496. 

These phylogenetic divergences, taken together with a 
number of differences in phenotypic characteristics and fatty 
acid composition, enable separation of the representatives of 
Aquimarina muelleri from their nearest neighbor, [ Cytophaga] lat- 
ercula. The latter was reclassified as [Stanierella] latercula in the 
same study. Furthermore, 16S rRNA gene sequence similarities 
between KMM 62587, a novel strain, and its nearest neighbors 
Aquimarina muelleri and [Stanierella] latercula were 96.3 and 
96.4%, respectively. The intermediate phylogenetic position of 
this isolate supported the placement of KMM 62587, Aquimarina 
muelleri, and [Stanierella] laterculain the same genus as three dis- 
tinct species, according to criteria published by Stackebrandt 
and Goebel (1994). Fatty acid analysis of KMM 6258! and the 
type strains of Aquimarina muelleri and [Stanierella] latercula, car- 
ried out according to the standard protocol of the Microbial 
Identification System (Microbial ID) under the same condi- 
tions, showed that the cellular fatty acid profiles of all strains 
tested were consistent with the description of the genus Aquima- 
rina (Table 28). The fatty acid composition and the phyloge- 
netic position of [Stanierella] latercula justified its transfer to the 
genus Aquimarina as Aquimarina latercula (Nedashkovskaya et al., 
2006f). Because gliding motility and catalase production were 
not observed among cells of [Stanierella] latercula in this and 
previous studies (Nedashkovskaya et al., 2005f; Reichenbach, 
1989d), in contrast to other members of the genus Aquimarina, 
an emended description of the genus Aquimarina was proposed 
by Nedashkovskaya et al. (2006f). 

Phylogenetic analysis based on 16S rRNA gene sequences 
indicates that the genus Aquimarina forms a cluster with spe- 
cies of the genera [Gaetbulimicrobium], Gelidibacter and Algibacter 
(Figure 28). The nearest neighbor of Aquimarina is the genus 
[ Gaetbulimicrobium], consisting of a single species, [Gaetbulimi- 
crobium] brevivitae, described by Yoon et al. (2006b). A close 
phylogenetic distance (16S rRNA gene sequence similarity of 
96.2%) between the genera Aquimarina and [Gaetbulimicrobium] 
justified inclusion of [Gaetbulimicrobium] brevivitae in the genus 
Aquimarina as Aquimarina brevivitae. Similar fatty acid composi- 
tions and many common phenotypic traits also supported inclu- 
sion of [ Gaetbulimicrobium] in the genus Aquimarina (Table 28). 


Differentiation of species of the genus Aquimarina 


Although species of the genus Aquimarina are phylogenetically 
close to each other and have similar fatty acid compositions 
(Table 28) and phenotypic characteristics, they can be differen- 
tiated by phenotypic traits presented in Table 29. 
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5% 


Aquimarina brevivitae SMK-197 AY987367 
Flexibacter tractuosus IFO 15980 AB078070 
Aquimarina intermedia KMM 6258" — AM113977 


Aquimarina muelleri KMM 6020! AY608406 
Aquimarina latercula ATCC 23177! M58769 
Gelidibacter algens ACAM 536° U62914 
Algibacter lectus KMM 39027" AY187689 
Salegentibacter salegens DSM 5424! M92279 
Gramella echinicola KMM 6050! AY608409 
Mesonia algae KMM 3909" AF536383 
Psychroflexus torquis ACAM 623! U85881 
Bacteroides fragilis ATCC 25285" X83935 


FIGURE 28. Phylogenetic tree of type strains of Aquimarina and related species based on 16S rRNA gene 
sequences. 


TABLE 29. Differential characteristics of species in the genus Aquimarina®™” 


: E 
E Š š 3 
š ES S * 
Characteristic < < < < 
Gliding motility + + = 
Catalase + + + = 
p-Galactosidase - + + 
Flexirubin type pigments + + + 
Temperature range for growth (°C) 4-34 10-41 4-36 4-33 
Salinity range for growth (%) 1-8 1-10 1-10 1-5 
Acid formation from carbohydrates = + - = 
Hydrolysis of: 
Agar u B - * 
Starch + + + _ 
Chitin + nd x + 
Utilization of: 
L-Arabinose, D-mannose, sucrose - _ + _ 
p-Glucose = + + = 
H,S production - - * * 
Susceptibility to: 
Benzylpenicillin - * * + 
Carbenicillin + + + = 
Streptomycin = + - + 
Tetracycline + = + = 
Maximum absorption of pigments (nm) 445.8 474, 505 469.8 465.0 
DNA G+C content (mol%) 31-33 36 37.1 34 


“Symbols: +, >85% positive; —, 0-15% positive; nd, not detected. 
"Data from Reichenbach (1989d), Nedashkovskaya et al. (2005f, 2006f), and Yoon et al. (2006b). 


List of species of the genus Aquimarina 


1. Aquimarina muelleri Nedashkovskaya, Kim, Lysenko, Frol- degraded. No acid is produced from arabinose, cellobiose, 

ova, Mikhailov, Lee and Bae 2005f, 227°? fucose, galactose, glucose, lactose, maltose, melibiose, 
raffinose, rhamnose, sucrose, xylose, adonitol, dulcitol, glyc- 
erol, inositol, mannitol, or N-acetylglucosamine. 

Source: seawater collected in Amursky Bay, Gulf of Peter 
; S a the Great, Sea of Japan. 
nere 05 «3.7 ym, Colonies are regular shaped, — "DNA Gx enn (mo) 216-825 C). 

fee. heat D : Type strain: KMM 6020, KCTC 12285, LMG 22569. 

yellow- or brown-colored on marine agar. Alginate is not Sequence accession no. (168 rRNA gene): AY608406. 


mu.el'le.ri. N.L. gen. masc. n. muelleri of Müller, named after Otto 
Friedrich Müller (1730-1784), the famous Danish naturalist, for 
his contributions to the development of marine microbiology. 
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2. Aquimarina brevivitae (Yoon, Kang, Jung, Oh and Oh 
2006b) Nedashkovskaya, Vancanneyt, Christiaens, Kal- 
inovskaya, Mikhailov and Swings 2006f, 2040" (Gaetbuli- 
microbium brevivitae Yoon, Kang, Jung, Oh and Oh 2006b, 
118) 


bre.vi.vi'tae. L. adj. brevis short; L. gen. n. vitae of life; N.L. 
gen. n. brevivitae of a short life, referring to the short-lived 
cultures of the type strain. 


According to Yoon et al. (2006b), cells are 0.2-0.3 x 1.0- 
15.0 pm. Colonies are circular to irregular, slightly raised, 
smooth, orange-colored, and 1-2 mm in diameter after cul- 
tivation for 48 h at 37°C on marine agar. Carotenoid pig- 
ments are produced. Optimal growth is at 37°C, pH 7.0-8.0, 
and with 2-396 NaCl. Esculin, hypoxanthine, Tween 60, and 
tyrosine are hydrolyzed, but xanthine is not. Maltose and 
pyruvate are utilized, but p-cellobiose, D-fructose, D-galac- 
tose, trehalose, p-xylose, acetate, citrate, succinate, benzoate, 
L-malate, salicin, formate, and L-glutamate are not. No acid is 
produced from L-arabinose, D-fructose, D-galactose, lactose, 
D-mannose, D-melezitose, melibiose, raffinose, L-rhamnose, 
D-ribose, sucrose, trehalose, D-xylose, myo-inositol, D-man- 
nitol, or p-sorbitol. API ZYM testing indicated the presence 
of esterase (C4), esterase lipase (C8), leucine arylamidase, 
valine arylamidase, acid phosphatase, naphthol-AS-BI-phos- 
phohydrolase, and f-glucosidase activities, and the absence 
of lipase (C14), cystine arylamidase, trypsin, o-chymotrypsin, 
a-galactosidase, B-glucuronidase, o-glucosidase, Macetyl-B- 
glucosaminidase, a-mannosidase, and o-fucosidase activi- 
ties. Susceptible to cephalothin and novobiocin. The main 
polar lipids are phosphatidylethanolamine, unidentified 
phospholipids, and an amino-group-containing lipid that is 
ninhydrin-positive. 

Source: tidal flat sediment at Saemankum, Pyunsan, Yellow 
Sea, Korea. 

DNA G+C content (mol 96): 36.0 (HPLC). 

Type strain: SMK-19, KCTC 12390, DSM 17196. 

Sequence accession no. (16S rRNA gene): AY987367. 


3. Aquimarina intermedia Nedashkovskaya, Vancanneyt, Chris- 
tiaens, Kalinovskaya, Mikhailov and Swings 2006f, 2040" 
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in.ter.me'di.a. L. fem. adj. intermedia intermediate, pertain- 
ing to the phylogenetic position of the strain studied. 


Cells are 0.4-0.5 x 2.1-3.2 pm. Gliding motility occurs. 
On marine agar, colonies are 2-8 mm in diameter, circular, 
shiny with entire edges, and reddish. Optimal growth occurs 
at 25-28°C and with 2-5% NaCl. No acid is produced from 
arabinose, cellobiose, fucose, galactose, glucose, lactose, 
maltose, melibiose, raffinose, rhamnose, sorbose, sucrose, 
xylose, adonitol, dulcitol, glycerol, inositol, mannitol, citrate 
or Nacetylglucosamine. 

Source: a single strain was isolated from the sea urchin 
Strongylocentrotus intermedius collected in Troitsa Bay, Gulf of 
Peter the Great, Sea of Japan. 

DNA G+C content (mol96): 37.1 (T, ). 

Type strain: KMM 6258, DSM 17527, JCM 13506, LMG 
23204. 

Sequence accession no. (16S rRNA gene): AM113977. 


4. Aquimarina latercula (Lewin 1969) Nedashkovskaya, Vancan- 
neyt, Christiaens, Kalinovskaya, Mikhailov and Swings 2006f, 
2040V* (Stanierella latercula Nedashkovskaya, Kim, Lysenko, 
Frolova, Mikhailov, Lee and Bae 2005f, 228; Cytophaga later- 
cula Lewin 1969, 200) 


la.ter'cu.la. L. masc. dim. n. /aterculus a small brick; N.L. fem. 
adj. latercula brick-like, brick-red color. 


Cells are 0.4—0.5 x 2.1-3.2 pm. Gliding movement does 
not occur. On marine agar, colonies are 1-2 mm in diameter, 
circular, shiny with entire edges, dark-red-pigmented, and 
sunk into the agar. Optimal growth is observed at 23-25*C 
and with about 1.5% NaCl. No acid is produced from ara- 
binose, cellobiose, fucose, galactose, glucose, lactose, malt- 
ose, melibiose, raffinose, rhamnose, sorbose, sucrose, xylose, 
adonitol, dulcitol, glycerol, inositol, mannitol, citrate, or 
Nacetylglucosamine. 

Source: a single strain was isolated from the outflow of a 
marine aquarium, La Jolla, California, USA. 

DNA G+C content (mol % ): 34.0 (T. ). 

Type strain: ATCC 23177, CIP 104806, DSM 2041, JCM 
8515, LMG 1343, NBRC 15938, NCIMB 1399. 

Sequence accession no. (16S rRNA gene): M58769. 


Genus V. Arenibacter Ivanova, Nedashkovskaya, Chun, Lysenko, Frolova, Svetashev, Vysotskii, Mikhailov, 
Huq and Colwell 2001, 1992”? emend. Nedashkovskaya, Vancanneyt, Cleenwerck, Snauwaert, Kim, Lysenko, 
Shevchenko, Lee, Park, Frolova, Mikhailov, Bae and Swings 2006g, 159 


OLGA |. NEDASHKOVSKAYA AND MARC VANCANNEYT 


Are.ni.bac'ter. L. fem. n. arena sand; N.L. masc. n. bacter from Gr. n. baktron rod; N.L. masc. n. Arenibacter 


a sand-dwelling rod. 


Rod-shaped cells, 0.4—0.7 x 1.6-5.0 pm, with slightly irregular 
sides and rounded ends. Cells of some species have gliding motil- 
ity. On marine agar 2216 (Difco), strains of the genus Arenibacter 
form regular, round, shiny, convex colonies with a diameter of 
1-4 mm after 48 h at 28°C. Produce non-diffusible, dark-orange 
carotenoid pigments. No flexirubin type pigments are pro- 
duced. Chemoorganotrophs. Strictly aerobic. Positive for oxi- 
dase, catalase, and alkaline phosphatase. The following enzyme 
activities are present: acid and alkaline phosphatases, o- and 
P-galactosidases, a- and B-glucosidases, N-acetylglucosaminidase, 


esterase lipase (C8), leucine-, valine- and cystine-arylamidases, 
trypsin, a-chymotrypsin, naphthol-AS-BI-phosphohydrolase, 
o-mannosidase, and a-fucosidase. Arginine dihydrolase, lysine 
decarboxylase, ornithine decarboxylase, and tryptophan deami- 
nase are not produced. Agar, casein, starch, alginic acids, cel- 
lulose (CM-cellulose and filter paper), chitin, and Tween 80 are 
not attacked, but gelatin, urea, DNA, and Tweens 20 and 40 can 
be hydrolyzed by strains of some species. Some species require 
seawater or Na* for growth. Acetoin is produced; indole and 
H,S are not produced. The major respiratory quinone is MK-6. 
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Arenibacter certesii KMM 3941! AY271622 
Arenibacter latericius KMM 426" AF052742 
Arenibacter troitsensis KMM 3674! AB080771 
Arenibacter palladensis KMM 3961! AJ575643 
Maribacter sedimenticola KMM 3903! AY271623 
Zobellia galactanivorans Dsij" AF208293 
Aequorivita antarctica SW49T AY027802 
Vitellibacter vladivostokensis KMM 35167 AB071382 
Muricauda ruestringensis Bit AF218782 
Bacteroides fragilis ATCC 25285' X83935 


FIGURE 29. Phylogenetic tree of type strains of Arenibacter and related species based on 16S rRNA gene 


sequences. 


The main cellular fatty acids are C,, , iso, Cj, , iso, C,,,, Ciz: iso 
3-OH, and summed feature 3 comprising C,., iso 2-OH and/ 
or C,,,,@7c. The main polar lipid is phosphatidylethanolamine. 
Marine, isolated from coastal habitats. 

DNA G+C content (mol % ): 37-41 CE). 

Type species: Arenibacter latericius Ivanova, Nedashkovskaya, 
Chun, Lysenko, Frolova, Svetashev, Vysotskii, Mikhailov, Huq 
and Colwell 2001, 1994’? emend. Nedashkovskaya, Vancanneyt, 
Cleenwerck, Snauwaert, Kim, Lysenko, Shevchenko, Lee, Park, 


Frolova, Mikhailov, Bae and Swings 2006g, 159. 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences indi- 
cated that the genus Arenibacterforms a cluster with species of the 
genera Maribacter, Muricauda, Robiginitalea, and Zobellia (Figure 
29). The 16S rRNA gene sequence similarities between Areni- 
bacterspecies were 94.8-99.7%. A DNA-DNA hybridization level 
of 62% was found between Arenibacter palladensis KMM 39617 
and Arenibacter troitsensis KMM 36747. The latter two strains had 
low DNA-DNA hybridization values (6-20%) with Arenibacter 
certesii KMM 3941! and Arenibacter latericius KMM 4267. 

The lipopolysaccharide of Arenibacter certesii KMM 3941" con- 
sists of a-b-rhamnose, o-mannose, and a-galactosyluronic acid 
phosphate. Lipid A is made up of a bis-phosphorylated disac- 
charide unit composed of 2,3-diamino-2,3-dideoxy-B-b-glucopy- 
ranose and glucosamine (Silipo et al., 2005). 

The cellular fatty acid compositions of Arenibacter species are 
given in Table 30. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), prepared 
with natural or artificial seawater or supplemented with 2-3% 
NaCl. All species grow with 1-6% NaCl and at 10-32*C. Opti- 
mal temperature for growth is 23-30°C. 

Acid is produced from maltose, p-cellobiose, and sucrose. 
No acid is produced from adonitol, L-arabinose, dulcitol, inosi- 
tol, mannitol, or L-sorbose. L-Arabinose, D-glucose, p-lactose, 
and D-mannose are utilized, but inositol, mannitol, sorbitol, 
malonate, and citrate are not. 

Based on the Biolog GN2 system of testing substrate utiliza- 
tion, the type strains of the four Arenibacter species utilize the fol- 
lowing substrates: dextrin, D-galactose, gentiobiose, o-p-lactose, 


TABLE 30. Cellular fatty acid compositions (%) of Arenibacter species* 


E 

E g Eg o 

£ 2 28 SS 88 

33 sa àz Èz 
Fatty acid < Š < Z < Z < á 
C,,, iso 6.9-15.8 (8.1) 7.7 8.7 6.8 
C,,, anteiso 4.8-13.5 (9.3) 6.3 3.3 3.2 
C,,, iso 4.9-14.0 (14.0) 7.2 12.7 12.2 
C; anteiso 0.6-2.9 (2.9) 0.8 0.5 0.6 
one 4.2-16.0 (14.2) — 11.5 15.0 13.6 
C,,, 6c 1.0-2.3 (2.3) 1.9 2.6 1.2 
C,,, iso 0.5-1.3 (0.5) 14 0.2 0.3 
E 1.1-2.7 (1.9) 1.0 0.6 1.5 
C, iso @9e 2.2-4.6 (2.9) 4.7 4.0 5.3 
C,,, @8ç 0.5-2.0 (1.3) 2.4 0.5 0.9 
C,,,, 66c 0.7-2.9 (2.4) 3.0 14 1.1 
C,,, 2-OH 0.7-1.0 (0.6) 0.6 0.4 0.4 
C,,, iso 3-OH 4.6-5.7 (5.6) 3.5 5.3 5.1 
C,,) OH 0.0-1.4 (0) 0.6 2.2 1.6 
C,, iso 3-OH 2.1-5.7 (2.1) 7.2 1.6 25 
Ciso SOH 0.6-1.3 (1.3) 0.8 2.0 2.2 
C,,, iso 3-OH 6.9-14.4 (6.9) 13.3 17.4 21.9 
C, 20H 2.1-5.1 (2.1) 3.8 1.0 1.7 
Summed feature 3 9.8-11.9 (9.8) 13.5 11.1 9.6 


“Only fatty acids accounting for more than 1.0% for one of the strains are indi- 
cated. Summed feature 3 consists of one or more of the following fatty acids which 
could not be separated by the Microbial Identification System: C; iso 2-OH, C 
07c, and C 071. 

"The range of values for four strains is given. Values for the type strain, Arenibacter 
latericius KMM 4265, are indicated in parentheses. 


15:0 16:1 


16:1 


maltose, raffinose, sucrose, trehalose, and turanose. Substrates 
not utilized include o-cyclodextrin, Tween 80, adonitol, p- 
arabitol, i-erythritol, myo-inositol, psicose, xylitol, monomethyl 
succinate, acetic acid, cis-aconitic acid, citric acid, formic acid, 
p-galactonic acid lactone, p-gluconic acid, p-glucosaminic 
acid, pn-glucuronic acid, a-hydroxybutyric acid, B-hydroxybu- 
tyric acid, y-hydroxybutyric acid, p-hydroxyphenylacetic acid, 
itaconic acid, o-ketoglutaric acid, o-ketovaleric acid, malonic 
acid, propionic acid, quinic acid, p-saccharic acid, sebacic acid, 


GENUS V. ARENIBACTER 


succinic acid, bromosuccinic acid, succinamic acid, glucuron- 
amide, alaninamide, p-alanine, r-alanyl-glycine, r-asparagine, 
glycyl-L-glutamic acid, r-histidine, hydroxy-L-proline, L-leucine, 
L-ornithine, L-phenylalanine, r-pyroglutamic acid, p-serine, 
D-serine, DL-carnitine, y-aminobutyric acid, urocanic acid, 
inosine, uridine, thymidine, phenylethylamine, putrescine, 
2-aminoethanol, 2,3-butanediol, and glucose 6-phosphate. 

Strains of the genus Arenibacter are susceptible to lincomy- 
cin, but are resistant to kanamycin, benzylpenicillin, neomycin, 
streptomycin, gentamicin, and polymyxin B. Susceptibility to 
ampicillin, erythromycin, carbenicillin, cephaloridin, olean- 
domycin, tetracycline, and oxacillin differs among species. 

The arenibacters inhabit coastal marine environments. They 
have been isolated from seaweeds and sediments in the temper- 
ate latitudes. The strains are accumulators of iodide (Amachi 
et al., 2005). An ability to produce a-Nacetylgalactosaminidase 
occurs among strains of Arenibacter latericius (Ivanova et al., 2001). 
One of the forms of this enzyme, a-M-acetylgalactosaminidase IV, 
isolated from cells of the type strain KMM 4267, is able to remove 
the blood type specificity of human A (II)-erythrocytes, trans- 
forming them to O (I)-erythrocytes. The enzyme is active at pH 
7-8 and has molecular mass of 84 kDa (Bakunina et al., 2002). 


Enrichment and isolation procedures 


The arenibacters were isolated by direct platting on marine 
agar or on medium B containing 0.596 (w/v) Bacto peptone 
(Difco), 0.2% (w/v) casein hydrolysate (Merck), 0.2% (w/v) 
Bacto yeast extract (Difco), 0.1% (w/v) glucose, 0.002% (w/v) 
KH,PO,, 0.005% (w/v) MgSO,-7H,O and 1.5% (w/v) Bacto 
agar (Difco) in 50% (v/v) natural seawater and 50% (v/v) dis- 
tilled water. Natural or artificial seawater is suitable for cultiva- 
tion. All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco). Strains of the 
genus Arenibacter may remain viable on marine agar or other 
rich media based on natural or artificial seawater for several 
weeks. They have survived storage at -80°C for at least 5 years. 


Differentiation of the genus Arenibacter from other genera 


Species of the genus Arenibacter grow at 377C and form 
dark-orange colonies on marine agar, in contrast with the 
yellow-pigmented Maribacter species (Ivanova et al, 2001; 
Nedashkovskaya et al., 2003b) (Nedashkovskaya et al., 2004a, 
2004b, 2006g; Yoon et al., 2005b). Arenibacter species can be 
differentiated from those of Robiginitalea by their inability to 
hydrolyze starch and lower DNA G+C content (37-41 mol% vs 
55-56 mol%, respectively) (Cho and Giovannoni, 2004). An 
inability to produce agarase and lack of flexirubin pigments 
distinguish Arenibacter species from those of Zobellia (Barbey- 
ron et al., 2001; Nedashkovskaya et al., 2004f; Reichenbach, 
1989d). Arenibacter, whose cells are regular rods, differs from its 
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TABLE 31. Differential characteristics of Arenibacter species* 


A. palladensis 
A. troitsensis 


A. latericius 
A. certesii 


Characteristic 


I 
+ 
| 


Gliding motility = 
Na‘ requirement for growth + 
Nitrate reduction + 


+ + 
| | 
+ + 


Degradation of: 
Gelatin 
DNA 
Urea 
Tween 20 
Tween 40 
Tween 80 - - - - 

Growth with: 

8% NaCl + + + - 
10% NaCl - + + - 

Growth at 42°C 

Acid production from: 
D-Galactose, D-glucose + 
p-Lactose, L-raffinose + 

Melibiose d 

d 
d 


L-Fucose 
L-Rhamnose 
DL-Xylose - - 
Glycerol * = = = 
N-Acetylglucosamine d + 
Production of: 
Esterase (C4), lipase (C14) - - + _ 
B-Glucuronidase _ _ + + 
Susceptibility to: 
Ampicillin 
Carbenicillin 
Oleandomycin 
Tetracycline - - - * 
DNA G+C content (mol%) 37-38 38 


+ + + 
| 
| 


*Symbols: +, positive; —, negative; d, differs among strains. 
) P 8 £ 


close relative, Muricauda, which can form appendages on the 
cell walls (Bruns et al., 2001). 


Taxonomic comments 


Originally the genus Arenibacter was described as consisting of 
non-gliding bacteria that required Na: for growth and were 
unable to decompose gelatin (Ivanova et al., 2001). However, 
studies of novel algal isolates and Arenibacter troitsensis KMM 
3674! (Nedashkovskaya et al., 2003b, 2006g) indicate that these 
and other phenotypic traits differ among species and are help- 
ful in differentiating the Arenibacter species from one another 
(Tables 31 and 32). 


List of species of the genus Arenibacter 


1. Arenibacter latericius Ivanova, Nedashkovskaya, Chun, 
Lysenko, Frolova, Svetashev, Vysotskii, Mikhailov, Huq and 
Colwell 2001, 1994" emend. Nedashkovskaya, Vancanneyt, 
Cleenwerck, Snauwaert, Kim, Lysenko, Shevchenko, Lee, 
Park, Frolova, Mikhailov, Bae and Swings 2006g, 159 


la.te.ri'ci.us. L. masc. adj. n. laterictus made or consisting of 
bricks, here pertaining to the dark-orange pigmentation of 
the colonies. 

Cells are 0.4—0.6 x 2.1-5.0 um. Growth occurs at 10-42°C 
and with 1-8% NaCl. According to the Biolog system, L-orni- 
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TABLE 32. Differences in substrate utilization by the type strains of Arenibacter species using the Biolog GN2 testing system ° 


Substrate 


A. palladensis 


A. latericius 
KMM 426! 
A. certesii 
KMM 3941! 
KMM 39617 
A. troitsensis 
KMM 3674" 


Glycogen, D-galacturonic acid, glycyl-L-aspartic acid, pr-o-glycerol 


phosphate, D-sorbitol 
N-Acetyl-D-galactosamine, L-aspartic acid 
N-Acetyl-D-glucosamine, L-glutamic acid 
Cellobiose, D-mannose, a-ketobutyric acid 
p-Fructose, pr-lactic acid 
L-Fucose 
Melibiose, methyl B-p-glucoside, methylpyruvate, a-b-glucose, 
a-lactose 
L-Alanine 
L-Proline 
Glucose 1-phosphate, r-threonine 


I 
E 
I 
I 


“Symbols: +, positive; —, negative. 


thine, uridine, glycerol, and glucose 6-phosphate are utilized. 
p-Fructose, a-p-lactose, lactulose, D-mannitol, succinic acid, 
glucuronamide, alaninamide, L-alanyl-glycine, L-asparagine, 
glycyl L-glutamic acid, and D- and L-serine are utilized weakly. 
Susceptible to erythromycin and cephaloridin. Not suscep- 
tible to oxacillin. The acetoin test is positive in API galleries 
(bioMérieux). Sphingophospholipids are absent. 

Source: a sediment sample collected in the South-China 
Sea and from the holothurian Apostichopus japonicus and the 
brown alga Chorda filum, which inhabit Troitsa Bay, Sea of 
Japan, and the Sea of Okhotsk (The Pacific Ocean), respec- 
tively. 

DNA G+C content (mol % ): 37-38 (T, ). 

Type strain: KMM 426, VKM B-2137D, LMG 19693, CIP 
106861. 

Sequence accession no. (16S rRNA gene): AF052742. 


. Arenibacter certesii Nedashkovskaya, Kim, Han, Lysenko, 
Mikhailov and Bae 2004a, 1174’? 


cer.te'si.i. N.L. gen. masc. n. certesti of Certes, named after A. 
Certes for his contributions to the development of marine 
microbiology. 


Cells are nonmotile rods, 0.4-0.7 pm wide and 3-5 pm 
long. Colonies are circular, low convex, shiny with entire 
edges, and 1-3 mm in diameter on marine agar 2216. No 
growth is observed without Na*. Growth occurs with 1-10% 
NaCl and at 4~38°C. Fumarate is not utilized. Nitrate is 
reduced. 

Source: the single available strain was isolated from the 
green alga Ulva fenestrata collected in Troitsa Bay, Gulf of 
Peter the Great, Sea of Japan. 

DNA G+C content (mol % ): 97.7 (T). 

Type strain: KMM 3941, KCTC 12113, CCUG 48006. 

Sequence accession no. (16S rRNA gene): AY271622. 


. Arenibacter palladensis Nedashkovskaya, Vancanneyt, Cleen- 
werck, Snauwaert, Kim, Lysenko, Shevchenko, Lee, Park, 
Frolova, Mikhailov, Bae and Swings 2006g, 159°? 


pal.a.den'sis. N.L. masc. adj. palladensis pertaining to Pal- 
lada Bay, where the strains were isolated. 


Cells are 0.4—0.5 x 1.6-2.3 um. On marine agar, colonies 
are 2-4 mm in diameter and circular with entire edges. 
Growth is observed at 4—38°C (optimum, 23-25*C). Growth 
occurs with 0-10% NaCl. According to the results obtained 
with the Biolog GN2 MicroPlate system, the type strain uti- 
lizes D-fructose, lactulose, and D-mannose. Does not utilize 
a-cyclodextrin, Tweens 40 and 80, adonitol, r-arabinose, 
D-arabitol, i-erythritol, myo-inositol, p-mannitol, psicose, 
L-rhamnose, xylitol, monomethyl succinate, acetic acid, citric 
acid, formic acid, p-galactonic acid lactone, p-gluconic acid, 
p-glucosaminic acid, p-glucuronic acid, o-and f-hydroxy- 
butyric acids, f-hydroxyphenylacetic acid, itaconic acid, 
a-ketoglutaric acid, o-ketovaleric acid, malonic acid, propi- 
onic acid, quinic acid, p-saccharic acid, sebacic acid, succinic 
acid, bromosuccinic acid, succinamic acid, glucuronamide, 
alaninamide, r-alanyl-glycine, L-asparagine, glycyl-1-glutamic 
acid, L-histidine, hydroxy-L-proline, L-leucine, L-ornithine, 
L-phenylalanine, L-pyroglutamic acid, D- and L-serine, DL- 
carnitine, y-aminobutyric acid, uronic acid, inosine, uridine, 
thymidine, phenylethylamine, putrescine, 2-aminoethanol, 
2,3-butanediol, glycerol, or glucose 6-phosphate. 

Source: the green alga Ulva fenestrata in Pallada Bay, Sea of 
Japan. 

DNA G«C content (mol % ): 39-41 (T). 

Type strain: KMM 3961, LMG 21972, CIP 108849. 

Sequence accession no. (16S rRNA gene): AJ575643. 


. Arenibacter troitsensis Nedashkovskaya, Suzuki, Vysotskii 


and Mikhailov 2003b, 1289V" 


tro.it.sen'sis. N.L. masc. adj. íroitsensis of or belonging to 
Troitsa Bay, from where the organism was isolated. 

Cells are nonmotile rods, 0.4—0.7 pm wide and 8-5 pm long. 
Colonies are circular, low convex, shiny with entire edges, 
1-3 mm in diameter on marine agar. No growth is observed 
without Na*. Grows with 1-6% NaCl and at 10—42*C. 

Source: a sediment sample from Troitsa Bay, Gulf of Peter 
the Great, Sea of Japan. 

DNA G+C content (mol % ): 40.0 (T. ). 

Type strain: KMM 3674, JCM 11736. 

Sequence accession no. (16S rRNA gene): AB080771. 
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Genus VI. Bergeyella Vandamme, Bernardet, Segers, Kersters and Holmes 1994a, 830” 


THE EpirToRIAL BOARD 


Ber.gey.el'la. L. dim. suff. -ella; N.L. fem. dim. n. Bergeyella named in honor of David H. Bergey. 


Rods with parallel sides and rounded ends, typically 0.6 x 2-3 pm. 
Intracellular granules of poly-B-hydroxybutyrate are absent. 
Endospores are not formed. Gram-stain-negative. Nonmotile. 
Do not glide or spread. Aerobic, having a strictly respiratory type 
of metabolism. Grows at 18—42°C. Growth on solid media is not 
pigmented. Colonies are circular (0.5-2 mm in diameter), low 
convex, smooth, and shiny with entire edges. Catalase- and oxi- 
dase-positive. Agar is not digested. Chemo-organotrophic. Non- 
saccharolytic. Indole-positive. No growth at 42°C, on MacConkey 
agar, or on B-hydroxybutyrate agar. Grows on blood and choco- 
late agar but poorly on nutrient agar. Branched-chain fatty acids 
(Ciso iso, Ci; iso 2-OH, C,,, iso, C,,, iso 3-OH) are predomi- 
nant. Sphingophospholipids are absent. The major polyamine is 
homospermidine. Bergeyella appears to be part of the oral and/or 
nasal microbiota of dogs and cats; rare but severe human wound 
infections can be caused by bites from these animals. 

DNA G+C content (mol % ): 35-37 (T, ). 

Type species: Bergeyella zoohelcum (Holmes et al., 1987) Van- 
damme, Bernardet, Segers, Kersters and Holmes 1994a, 830° 
(Weeksella zoohelcum Holmes, Steigerwalt, Weaver and Brenner 
1987, 179; CDC Group IIj). 


Further descriptive information 


Circular, entire, nonhemolytic, nonpigmented colonies having 
a butyrous consistency develop on 5% horse blood agar (Hol- 
mes et al., 1986b). Only scant growth occurs on nutrient agar. 

Gelatin is hydrolyzed by the plate method, but not by the 
stab method. No change occurs in glucose O/F medium. No 
growth occurs in the presence of 0.0075% (w/v) KCN. No 
growth occurs at 5°C, on MacConkey agar, or on cetrimide agar. 
Nitrate, nitrite, and selenite are not reduced. Esculin, Tween 
80, and starch are not hydrolyzed. 

The following tests give a negative reaction: oxidation of 
gluconate; phenylalanine deaminase; H,S production; alkalini- 
zation of Christensen’s citrate medium; arginine deamidase; 
arginine dihydrolase; lysine decarboxylase; ornithine decarbox- 
ylase; 3-ketolactose; ONPG hydrolysis; acid from 10% glucose 
and lactose; acid or gas from glucose; and acid (in ammonium 
salts medium under aerobic conditions) from glucose, adon- 
itol, arabinose, cellobiose, dulcitol, ethanol, fructose, glycerol, 
inositol, lactose, maltose, mannitol, raffinose, rhamnose, sali- 
cin, sorbitol, sucrose, trehalose, and xylose. 

Bergeyella zoohelcumhas been found in 38-90% of nasal and oral 
fluids and gingival scrapings of dogs (Reina and Borrell, 1992). 
It can be an opportunistic pathogen of humans, acquired from 
dog or cat bites, causing rare but serious infections in humans 
such as leg abscesses (Reina and Borrell, 1992), polymicrobial 


tenosynovitis (Isotalo et al., 2000), septicemia (Kivinen et al., 
2003), acute cellulitis (Shukla et al., 2004), and pneumonia 
(Grimault et al., 1996). Bergeyella zoohelcum has usually been 
thought not to be pathogenic for its animal hosts; however, it 
has been associated with respiratory disease in a cat (Decostere 
et al., 2002). Bergeyella-like strains have also been isolated from 
a variety of food sources (Botha et al., 1998). 

Goldstein et al. (1999) reported that ten Bergeyella zoohelcum 
isolates were sensitive to gatifloxacin, levofloxacin, sparfloxa- 
cin, ciprofloxacin, and grepafloxacin. Kivinen et al. (2003) 
reported that their Bergeyella zoohelcum strain was sensitive to all 
B-lactam antibiotics, including penicillin and cefuroxim, as well 
as to aminoglycosides and quinolones; however, it was resistant 
to cotrimoxazole. A strain isolated from a respiratory infection 
in a cat was susceptible to ampicillin, amoxicillin-clavulanic 
acid, enrofloxacin, gentamicin, apramycin, ceftiofur, spectino- 
mycin, neomycin, and trimethoprim-sulfamethoxazole, but was 
resistant to tetracycline, flumequine, and colistin (Decostere 
et al., 2002). 


Enrichment and isolation procedures 


There is no specific medium for the selective isolation of 
Bergeyella strains. Growth occurs on blood and chocolate agar, 
but may be scanty. The organism is best identified by amplifying 
and sequencing the 16S rRNA gene and comparing it with that 
of the type strain. 


Differentiation of the genus Bergeyella from other genera 


The following features differentiate the genus Bergeyella from 
the genus Weeksella: positive urease activity, failure to grow at 
42°C, and failure to grow on MacConkey agar and -hydroxy- 
butyrate agar. 


Taxonomic comments 


Bergeyella zoohelcum strains initially belonged Centers for Disease 
Control and Prevention group lj. Holmes et al. (1986b) classi- 
fied the strains of this group as members of a novel species of 
the genus Weeksella, Weeksella zoohelcum. The genus Weeksella con- 
tained two species: Weeksella zoohelcum and the type species Week- 
sella virosa. No significant DNA-DNA hybridization occurred 
between the two species (Holmes et al., 1986b). rRNA gene 
analysis later showed that Weeksella was heterogeneous and Week- 
sella zoohelcum was placed in a new genus, Bergeyella, as Bergeyella 
zoohelcum (Vandamme et al., 19942). Bergeyella zoohelcum is cur- 
rently the only species in the genus. The nearest related genera 
based rRNA cistron analysis are Riemerella and Chryseobacterium 
(Vandamme et al., 19942). 


List of species of the genus Bergeyella 


1. Bergeyella zoohelcum (Holmes, Steigerwalt, Weaver and 
Brenner 1987) Vandamme, Bernardet, Segers, Kersters and 
Holmes 1994a, 830"" (Weeksella zoohelcum Holmes, Steiger- 
walt, Weaver and Brenner 1987, 179; CDC Group IIj) 


zoo.hel'cum. Gr. n zoon an animal; Gr. neut. n. helkosa wound; 
N.L. gen. pl. n. zoohelcum of animal wounds, because strains 
are isolated from cat and dog bites and scratches. 


Characteristics are as described for the genus. 
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Source: oral fluids and gingival scrapings of dogs and 
human wounds caused by cat and dog bites/scratches. 
DNA G+C content (mol % ): 35-37 (T). 
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Type strain: D658, ATCC 43767, CCUG 12568, CCUG 30535, 
CIP 103041, NBRC 16014, LMG 8351, LMG 12996, NCTC 11660. 
Sequence accession no. (16S rRNA gene): M93153. 


Genus VII. Bizionia Nedashkovskaya, Kim, Lysenko, Frolova, Mikhailov and Bae 2005d, 377°" 


O aa |. NEDASHKOVSKAYA, SEUNG Bum KIM AND VALERY V. MIKHAILOV 


Bi.zi.o'ni.a. N.L. fem. n. Bizionia named after the Italian naturalist Bartolomeo Bizio, for his important contri- 


bution to the development of microbiology. 


Thin rods usually measuring 0.3-0.5 x 1.0-5.0 pm. No gliding 
motility. Produce non-diffusible carotenoid pigments. Flexiru- 
bin type pigments are not produced. Chemo-organotrophs. 
Strictly aerobic. Positive for oxidase, catalase, and alkaline phos- 
phatase. Agar, starch, and chitin are not hydrolyzed, but casein 
and gelatin are hydrolyzed. Nitrate reductase is not produced. 
No acid is formed from carbohydrates. Marine, isolated from 
coastal habitats. Require seawater or sodium ions for growth. 
The major respiratory quinone is MK-6. 

DNA G+C content (mol96): 37-45 (T). 

Type species: Bizionia paragorgiae Nedashkovskaya, Kim, 
Lysenko, Frolova, Mikhailov and Bae 2005d, 377°”. 


Further descriptive information 


16S rRNA gene sequence analysis indicates that Bizionia forms a 
cluster with species of the genera Formosa (Figure 30). 

Major cellular fatty acids are C,., iso, C, anteiso C, iso, 
C,,, anteiso, Cu, iso, C... iso, C,,, iso 3-OH, and summed fea- 
ture 3, comprising C, iso 2-OH and/or C,,, w7c. It should be 
noted that cells of strain Bizionia paragorgiae KMM 6029" con- 
tain 77.196 branched fatty acids. 

On marine agar, colonies are 2-4 mm in diameter, circular, 
shiny, yellow or golden-yellow, and have a butyrous consistency 
and entire edges after 48 h at 28°C. 

Bizionia strains require peptone or yeast extract for growth 
and cannot use inorganic nitrogen sources such as sodium 
nitrate or ammonium chloride (Bowman and Nichols, 2005). 
All isolated strains have been grown on media containing 0.5% 
peptone and 0.1-0.2% yeast extract (Difco), prepared with 
natural or artificial seawater or supplemented with 2-3% NaCl. 
Growth occurs at -2 to 36°C (optimum at 23-25°C). Growth 
occurs with 1-17% NaCl (optimum at 1.5-6% NaCl). 

Strains of the genus are susceptible to ampicillin, carbenicil- 
lin, lincomycin, oleandomycin, streptomycin, and tetracycline. 
They are resistant to benzylpenicillin, gentamicin, kanamycin, 
neomycin, and polymyxin B. 

Representatives of the genus Bizionia inhabit coastal marine 
environments. Some have been isolated from corals in the 
temperate latitudes. However, most bizionias are cold-adaptive 
organisms, isolated from Antarctic sea-ice brine and from exo- 
skeletal slime on coastal amphipods. 


Enrichment and isolation procedures 


Bizionia strains have been isolated by direct plating on marine 
agar (Difco). Either natural or artificial seawater is suitable for 
their cultivation. All isolated strains have been grown on media 
containing 0.5% peptone and 0.1-0.2% yeast extract (Difco). Biz- 
ionia strains may remain viable on marine agar (Difco) or other 
rich media based on natural or artificial seawater for several 
weeks. They have survived storage at -80°C for at least 5 years. 


Taxonomic comments 


Bizionia species show 96-98% 16S rRNA gene sequence similar- 
ity to each other. DNA-DNA hybridization experiments indi- 
cate that the species are distinct from one another (Bowman 
and Nichols, 2005). 


Differentiation of the genus Bizionia from other genera 


Bizionia can be differentiated clearly from its closest relative, 
Formosa, by its absence of gliding motility, its inability to pro- 
duce acid from carbohydrates, its ability to ferment D-glucose 
and hydrolyze casein, its requirement for NaCl for growth, and 
the higher G+C content of its DNA. 


Bizionia saleffrena HFD' (AY694005) 


Bizionia gelidisalsuginis C164" (AY694004) 


Bizionia paragorgiae KMM 6029! (AY651070) 


Bizionia algoritergicola APA-1! (AY694003) 


Bizionia myxarmorum ADA-4' (AY694002) 


Formosa algae KMM 3553! (AY228461) 


0.01 


FIGURE 30. Phylogenetic tree based on 165 rRNA gene sequences of 
the type strains of the genus Bizionia. The tree was generated by the 
neighborjoining method (Saitou and Nei, 1987). Bar - 0.01 substitu- 
tions per nucleotide position. 


Although Bizionia species are phylogenetically close to eac 
other and have similar fatty acid compositions and phenotypic 
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TABLE 33. Differential characteristics of species of the genus Bizionia*» 


" E Š E 
ES ES 3 E 
& E & 3 š 
Characteristic ES ES ES ES ES 
Arginine dihydrolase * * * - 
Salinity range for growth (96) 1-8 1-10 1-15 1-10 1-15 
Temperature range (^C) 4 to 36 -2 to 25 -2 to 25 -2 to 30 -2 to 25 
Hydrolysis of: 
Esculin + - - E - 
Elastin nd = = E + 
DNA _ + _ + _ 
Tween 80 Es + _ + + 
Urea - + = 3: + 
L-Tyrosine nd + + + + 
Egg yolk reaction nd _ = + + 
Utilization of: 
Acetate - d* + + _ 
Propionate _ _ + - - 
Valerate - = + _ 
r-Alanine - - + + _ 
L-Histidine - t t 4 t 
1-Proline - - - + _ 
L-Serine - - - + = 


"Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; 


nd, not determined. 


"Data from Bowman and Nichols (2005) and Nedashkovskaya et al. (2005d). 


*Only the type strain is negative. 


Differentiation of species of the genus Bizionia 


characteristics, they can be distinguished by the set of pheno- 
h Uic traits shown in Table 38. 


List of species of the genus Bizionia 


l. Bizionia paragorgiae Nedashkovskaya, Kim, Lysenko, Frol- 


ova, Mikhailov and Bae 2005d, 377°" 


pa.ra.gor’gi.ae. N.L. gen. n. paragorgiae of Paragorgia, the 
generic name of the soft coral Paragorgia arborea, from which 
the type strain was isolated. 


Cells are 0.4-0.5 x 1.9-2.3 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny, and yellow with 
entire edges. The optimal growth temperature is 23-25°C. 
Tween 40 is hydrolyzed, but not Tween 20 or agar. H,S is 
produced, but not indole or acetoin (Voges-Proskauer reac- 
tion). Acid is not formed from r-arabinose, p-cellobiose, 
L-fucose, D-galactose, D-glucose, D-lactose, maltose, melibi- 
ose, raffinose, L-rhamnose, D-sucrose, DL-xylose, citrate, 
adonitol, dulcitol, glycerol, inositol, or mannitol. Does not 
utilize L-arabinose, D-glucose, D-lactose, D-mannose, sucrose, 
mannitol, inositol, sorbitol, malonate, or citrate. 

Source: isolated from the soft coral Paragorgia arborea col- 
lected in the Makarov Bay, Iturup Island, Sea of Okhotsk. 

DNA G+C content (mol % ): 37.6 (T). 

Type strain: KCTC 12304, KMM 6029, LMG 22571. 

Sequence accession no. (16S rRNA gene): AY651070. 


2. Bizionia algoritergicola Bowman and Nichols 2005, 1483" 


al.go.ri.ter.gi'co.la. L. n. algor the cold; L. n. tergum outer 
covering or surface; L. fem. or masc. suff. -cola (from L. n. 
incola) the dweller, inhabitant; N.L. fem. or masc. n. algoriter- 
gicola the inhabitant of a cold surface/covering. 


Cells are 0.3-0.5 x 1-3 pm. On marine agar, colonies are 
circular, shiny, convex, and golden-yellow with a butyrous 
consistency and entire edges. Optimal growth is observed 
with 1.7-2.3% NaCl. 

Source: isolated from an unidentified marine amphipod 
collected in East Antarctica. 

DNA G+C content (mol % ): 45.0 (T). 

Type strain: APA-1, ACAM 1056, CIP 108533. 

Sequence accession no. (16S rRNA gene): AY694003. 


. Bizionia gelidisalsuginis Bowman and Nichols 2005, 1482? 


gel.id.i.sal.su'gin.is. L. adj. gelidus icy; L. fem. n. salsugo -inis 
the brine; N.L. gen. n. gelidisalsuginis of icy brine. 


Cells are 0.4-0.5 x 1.5-3.5 um. On marine agar, colonies 
are circular, convex, butyrous, and golden-yellow with entire 
edges. Optimum growth occurs with 5.7% NaCl. 
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Source: isolated from sea-ice brine in East Antarctica. 
DNA G+C content (mol % ): 39.0 (T). 


Type strain: 1C164, ACAM 1057, CIP 108536. 
Sequence accession no. (16S rRNA gene): AY694004. 


4. Bizionia myxarmorum Bowman and Nichols 2005, 1483%" 
myx.ar.mor'um. Gr. n. myxa slime; L. gen. pl. n. armorum 
of defensive armors; N.L. pl. gen. n. myxarmorum of armors 
slime (of the slime on the carapaces of crustacean hosts). 

Cells are 0.3-0.5 x 1.5-3.5 um. On marine agar, colonies 
are circular, convex, butyrous, and golden-yellow with entire 
edges. Optimal growth occurs with 1.5-2.3% NaCl. 

Source: isolated from an unidentified marine amphipod 
collected in East Antarctica. 

DNA G+C content (mol96): 43.0 (T. ). 


m 


FAMILY I. FLAVOBACTERIACEAE 


Type strain: ADA-4, ACAM 1058, CIP 108535. 
Sequence accession no. (16S rRNA gene): AY694002. 


5. Bizionia saleffrena Bowman and Nichols 2005, 1482V* 


sal.ef.fre'na. L. masc. n. sal salis salt; L. fem. adj. effrena unbri- 
dled; N.L. fem. adj. saleffrena unbridled by salt (referring to 
the species' good growth on salt-containing media). 


Cells are 0.4-0.5 x 1.5-5 pm. On marine agar, colonies 
are circular, convex, butyrous, and golden-yellow with entire 
edges. Optimum growth occurs with 5.7% NaCl. 

Source: isolated from sea-ice brine in East Antarctica. 

DNA G+C content (mol % ): 40.0 (T). 


Type strain: HFD, ACAM 1059, CIP 108534. 
Sequence accession no. (16S rRNA gene): AY694005. 


Genus VIII. Capnocytophaga Leadbetter, Holt and Socransky 1982, 266"? (Effective publication: Leadbetter, 
Holt and Socransky 1979, 13.) 


STANLEY C. Hott 


Gr. n. capnos smoke; N.L. fem. n. Cytophaga a bacterial genus name; N.L. fem. n. Capnocytophaga bacteria 
requiring carbon dioxide and related to the cytophagas. 


Short to elongate flexible fusiform to rod-shaped cells, 0.42— 
0.6 pm in diameter and 2.5-5.7 pm in length. Ends of cells are 
usually round to tapered. Cells can be pleomorphic. Capsules 
and sheaths not formed. Gram-stain-negative. Resting stages 
not known. No flagella. Motility when it occurs is by “gliding” 
on solid culture media (surface translocation). Facultatively 
anaerobic. Growth occurs in air with 5% CO,. Some strains are 
reported to grow aerobically without CO,; however, primary iso- 
lation and initial growth require CO,. Optimum temperature: 
35-37°C. Chemo-organotrophic, with fermentative type of 
metabolism. Carbohydrates are used as fermentable substrates 
and energy sources. Fermentation of glucose yields chiefly ace- 
tate and succinate as major acidic end products; trace amounts 
of isovalerate are formed. Complex polysaccharides such as 
dextran, glycogen, inulin, and starch may be fermented. Cat- 
alase and oxidase reactions differ among species. Positive for 
o-nitrophenyl-B-p-galactoside (ONPG) and benzidine. Found in 
association with both animal and human hosts. Originally iso- 
lated from the human oral cavity where the cells occupied peri- 
odontal pockets. Pathogenicity is uncertain, but members of 
the genus have been implicated as pathogens in several human 
and animal infections. 

DNA G+C content (mol % ): 34—44. 

Type species: Capnocytophaga ochracea Leadbetter, Holt and 
Socransky 1982, 266"" (Effective publication: Leadbetter, Holt 
and Socransky 1979, 14.). 


Further descriptive information 


The genus consists of five human oral species: Capnocytophaga 
gingivalis, Capnocytophaga ochracea, Capnocytophaga sputigena, Cap- 
nocytophaga granulosa, and Capnocytophaga haemolytica. Two addi- 
tional species, Capnocytophaga canimorsus and Capnocytophaga 
cynodegmi, form part of the canine and feline oral microbiota. 
The genus belongs to the family Flavobacteriaceae, class Flavobac- 
lertia. 

Cells can be single, short or elongate flexible rods, or long fil- 
aments (Figure 31). Pleomorphic cells have also been observed 


when these organisms have been grown in liquid. In liquid cul- 
ture, cells also grow in characteristic tight masses (Figure 31). 
When grown on trypticase soy agar (TSA) containing 5% (v/v) 
sheep’s blood (TS-blood agar) prepared by BBL, cells form 
flat, thin colonies that, when viewed by oblique illumination, 
have uneven edges (Figures 32-34) that can form fingerlike 
projections — characteristic of the cells’ gliding motility. Gliding 
motility (surface translocation; Altschul et al., 1997) is consis- 
tent with strains of the genus being sensitive to actinomycin D 
(Dworkin, 1969). Laboratory-prepared TS-blood agar did not 
support this typical spreading or gliding motility reproduc- 
ibly; hence, spreading is medium-dependent. Macroscopically, 
colonies (after incubation for 24 h at 35-37°C) are very small 
to pinpoint; between 48 and 96 h, colonies are convex and 
2-4 mm in diameter. Some colonies appear to pit the agar (Fig- 
ure 34). Blood is not required for cell growth or gliding motil- 
ity; the harder the agar surface, the more characteristic the cell 
spreading or gliding motility [see Leadbetter et al. (1979) for 
a discussion of the effects of medium and agar concentration 
on gliding motility]. Cultures have a characteristic sour, bitter 
almond odor. 

The salient staining, growth, genetic and physiological char- 
acteristics of the genus Capnocytophaga are listed in Table 34. 
Pigmentation of colonies on an agar surface varies from white- 
gray to pink and orange-yellow. However, when cells are centri- 
fuged into pellets, all strains are yellow to orange. Pigmentation 
is not inhibited by the carotenoid inhibitor diphenylamine. 
The cells are positive for ONPG and benzidine (Collins et al., 
1982). Menaquinone-6 and trace amounts of menaquinone-5 
constitute the sole respiratory quinones (Collins et al., 1982; 
Speck et al., 1987). 

A detailed study of the fine structure of the genus Capno- 
cytobhaga was carried out by Holt et al. (1979), Poirier et al. 
(1979), and Yamamoto et al. (1994). The cell envelope is 
typical of Gram-stain-negative bacteria (Figure 35). The outer 
membrane has a tendency to slough material from its sur- 
face (Figure 36), which is also typical of Gram-stain-negative 
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FIGURE 31. Phase-contrast photomicrographs of representative strains of Capnocytophaga species. Strains in (a-d) 
were grown on trypticase soy agar + 5% sheep’s blood and that in (e) was grown in trypticase soy broth. (a) Cap- 
nocytophaga sputigena strain 4" (=ATCC 336127); (b) Capnocytophaga ochracea strain 25! (=ATCC 335967); (c) Capno- 
cytophaga gingivalis strain 271 (=ATCC 336247); (d) and (e), Capnocytophaga strain 60-38.1 grown in liquid and on 
a plate, respectively. [Reproduced with permission from Holt et al. (1979). Arch. Microbiol. 122: 17-27, Springer, 


Berlin. ] 


micro-organisms. When cells are removed from agar surfaces 
and prepared for electron microscopy, they are held together 
by extracellular material (Figure 37), with the outer-most layer 
of Capnocytophaga species staining positively with ruthenium 
red — presumptive of an acidic mucopolysaccharide layer (Fig- 
ure 38). Cell division resembles that seen in other Gram-stain- 
negative bacteria, being characterized by a constriction of the 
central region of the cell. 

There have been several studies reported on the enzymes 
of Capnocytophaga (see Table 35; also Laughon et al., 1982; 
Nakamura and Slots, 1982; Poirier and Holt, 1983; Lillich and 
Calmes, 1979; Takeshita et al., 1983). Recently, Ohishi et al. 
(2005) studied the activity of various inhibitors on the amino- 
peptidases of Capnocytophaga granulosa. Capnocytophaga species 
display significant aminopeptidase activity, exhibiting leucine, 


valine, and cystine aminopeptidases by the API ZYM system 
(Laughon et al., 1982; Slots, 1981), as well as being positive for 
a-glucosidase. Although the API ZYM pattern is distinct for the 
aminopeptidases, the Capnocytophaga species vary enough in 
the other enzymic reactions tested to make these chromogenic 
assays of only limited value for correlating API ZYM reactions 
with key phenotypic characteristics. Capnocytophaga ochracea 
possesses high levels of phosphoenolpyruvate (PEP) carboxyki- 
nase, which is the only CO, (or HCO,)-fixing enzyme in the 
genus (Kapke et al., 1980). Cell-free extracts of Capnocytophaga 
ochracea also contain an NAD-specific glutamate dehydrogenase, 
as well as high levels of acid and alkaline phosphatase. Detect- 
able levels of the malic enzyme, pyruvic acid carboxylase, PEP 
carboxylase, or PEP carboxytransphosphorylase have not been 
observed. Glucose is transported into Capnocytophaga, ochracea 


FIGURE 32. Capnocytophaga strain grown on blood agar plate and pho- 
tographed by oblique illumination. Cells spread from a central streak 
line in opposite directions (courtesy of M. Newman, University of CA 
School of Dentistry, Los Angeles). 


FIGURE 33. Diluted sample of subgingival plaque after 28 h of growth 
on TS-blood agar prepared by BBL. Arrows: Capnocytophaga species dis- 
playing characteristic gliding morphology. Bar = 1 cm. (Reproduced 
with permission from M.G. Newman, V.L. Sutter, M.J. Pickett, U. Blach- 
man, J.R. Greenwood, V. Grinenko and D. Citron. J. Clin. Microbiol. 10: 
557-562 (1977), American Society for Microbiology, Washington, DC.) 


by a PEP/phosphotransferase system and then catabolized to 
pyruvic acid by the Embden-Meyerhof-Parnas pathway (Calmes 
et al., 1980). Although key enzymes of the Entner-Doudoroff, 
hexose phosphoketolase, or Warburg-Dickens pathways have 
not been found, definitive proof of their absence from Cap- 
nocytophaga will require tracing the distribution of specifically 
labeled glucose carbons to their specific end products. 
Information has been published on the chemical composi- 
tion of the lipopolysaccharide of Capnocytophaga after phenol/ 
water and butanol/water preparative procedures, as well as 
the biological activity of these molecules (Poirier and Holt, 
1983). The lipid chemistry of the genus has also been reported 
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FIGURE 34. Capnocytophaga strain grown on blood agar plate. Colonies 
are flat with concentrically spreading growth from a central point of 
inoculation. Magnification, x3.5. [Reproduced with permission from 
R.E. Weaver, D.G. Hollis and E.J. Bottone (1985). Jn Manual of Clini- 
cal Microbiology, 4th edn (edited by Lennette, Balows, Hausler and 
Shadomy), American Society for Microbiology, Washington, DC. ] 


TABLE 34. Key characteristics of the genus Capnocytophaga: 


Characteristic Capnocytophaga 
Yellow/orange pigmentation + 
Gliding motility + 


Gram reaction = 
Cells fusiform to rod-shaped + 
CO, required + 
Bitter almond odor + 
Catalase activity d 
Oxidase activity d 
Nitrate reduction to nitrite d 
Growth at 35-37°C on/in: + 
Blood agar + 
Air =b 
Air + 5% CO, + 
7.5% H, + 80% N, + 
80% N, + 10% H, + 10 CO, + 
Thayer-Martin agar + 
Chocolate agar + 
Blood agar + 50 pg/ml bacitracin + 100 pg/ml + 
polymyxin B 
MacConkey agar _ 
Actinomycin D inhibition T 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); -, 0-15% positive. 

‘Some strains are positive after initial cultivation; Capnocytophaga granulosa can 
grow aerobically. 


“Some strains are resistant. 


(Dees et al., 1982; Holt et al., 1979). Cellular fatty acid analy- 
sis of strains of Capnocytophaga (Dees et al., 1982; Yamamoto 
et al., 1994; Vandamme et al., 1996b; Table 36) has revealed the 
predominant fatty acids to be a saturated, iso-branched-chain, 
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FIGURE 35. Thin section of Capnocytophaga ochracea strain 25! (=ATCC 
335967). The outer membrane encloses a periplasmic space, with the 
cytoplasmic membrane limiting the electron-opaque ribosomes in the 
cytoplasmic region. The peptidoglycan is closely adherent to the outer 
aspect of the cytoplasmic membrane. An electron-opaque “fuzz” covers 
the surface of the outer membrane. Stained with uranyl acetate-lead 
citrate. Bar = 0.25 pm. 


FIGURE 36. Negatively stained (ammonium molybdate at pH 7.2) 
Capnocytophaga ochracea strain 25' (=ATCC 33596"). Numerous outer 
membrane fragments were in the process of being removed from the 
cell surface. A large mesosome is apparent. Bar = 0.5 pm. 


15 carbon acid (13-methyltetradecanoate) and a saturated, 
iso-branched-chain 3-hydroxy acid (13-methyl-3-hydroxy-3- 
hydroxytetradecanoate). Small amounts of 15-methyl-3-hy- 
droxy-hexadecanoate also occur. The major phospholipids 
are phosphatidylethanolamine and an ornithine-amino lipid, 
as well as lesser amounts of lysophosphatidylethanolamine. 
Capnocytophaga species also contain the unique sulfonolipid, 


= 4 


FIGURE 37. Thin section of Capnocytophaga sputigena strain 4! (=ATCC 
336127). Cells were grown on BBL TS-blood agar at 37°C for 48 h. An 
agar square was cut from the plate and fixed in gluataldehyde/osmium 
tetroxide by standard techniques. Cells were thin-sectioned parallel to 
the cell-covered agar surface. Bar = 2.5 pm. 


FIGURE 38. Thin section of ruthenium red-fixed Capnocytophaga 
ochracea strain 257 (=ATCC 335967). The ruthenium red has stained 
the extracellular polysaccharide (arrow). The large periplasmic space 
(open arrows) encloses the outer membrane, the electron-opaque 
periplasm, and the inner cytoplasmic membrane. Bar = 0.25 pm. 


1-deoxy-15-methylhexadecasphingamine-l-sulfonic acid, or 
capnine, which provides a unique characteristic for the genus 
(Godchaux and Leadbetter, 1980, 1983, 1984). 

In vitro agar dilution testing of the sensitivity of Capnocy- 
tophaga to a variety of antimicrobial agents (Forlenza et al., 
1981; Sutter et al., 1981) has been reported (Tables 37 and 38). 
Essentially all isolates are sensitive at a minimum inhibitory 
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concentration (MIC,,) of at least 1 pg/ml to penicillin, ampicil- 
lin, carbenicillin, erythromycin, clindamycin, and tetracycline. 
Doses of tetracycline, metronidazole, cefoxitin, and chloram- 
phenicol of between 1 and 3.12 pg/ml are effective bactericidal 
agents, killing 90% of strains examined. For Capnocytophaga 
strains, MIC,, values for cephalothin and cefazolin were only 25 
and 50 pg/ml, respectively, whereas for cefamandole, the MIC,, 
was 3.12 pg/ml. The aminoglycoside antibiotics (i.e., strepto- 
mycin, kanamycin, gentamicin, and neomycin) do not inhibit 
growth of the Capnocytophaga species tested, even at concentra- 
tions of 50 pg/ml. 

Immunological analysis of the antigenic components of 
Capnocytophaga species has revealed the presence of two cell- 
envelope-associated antigens: a group-specific antigen, which 
has been found in all species examined so far; and a type- 


TABLE 35. Enzymic activities of human oral Capnocytophaga strains*” 


Enzyme C. ochracea C. gingivalis C. sputigena 
C4 esterase 1 1 1 
C8 esterase lipase 2 1 2 
C14 lipase 1 0,1 0,1 
Leucine aminopeptidase 2 2 2 
Valine aminopeptidase 2 2 2 
Cystine aminopeptidase 2 2 2 
Trypsin 0,1 0 0,1 
Chymotrypsin 1 0,1 1 
Acid phosphatase 2 2 2 
Alkaline phosphatase 2 2 2 
Phosphoamidase 1 1 1 
a-Galactosidase 0 0 0 
B-Galactosidase 1 1 1 
B-Glucuronidase 0 0 0 
a-Glucosidase 2 2 2 
p-Glucosidase 1 1 1 
N-Acetyl-B-glucosaminidase 1 0 1 
a-Mannosidase 0 0 0 
a-Fucosidase 0 0 0 
ONPG 2 0 2 


"Data have been modified from Kristiansen et al. (1984) and Laughon et al. 
(1982). 

"Numbers indicate color intensities of chromogenic reactions: 0, no activity; 0, 1, 
no activity to weak activity; 1, weak activity; and 2, strong activity. 
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specific antigen, which has been found only in clinical isolates 
(Murayama et al., 1982; Stevens et al., 1980). An exopolysac- 
charide has been recovered from the surface of Capnocytophaga 
ochracea strain 25*, which exhibits immunoregulatory properties 
upon DEAE-Sepharose CL-SB column purification (Bolton and 
Dyer, 1983; Dyer and Bolton, 1985). 

Capnocytobhaga was originally isolated from the human oral 
cavity; cells occupied periodontal pockets (Leadbetter et al., 
1979; Slots and Genco, 1984). Recently, two additional spe- 
cies have been recovered from dog and cat mouths (Brenner 
et al., 1989; Butler et al., 1977; Ciantar et al., 2001). Although 
the pathogenicity of these organisms is not yet clear, capnocy- 
tophagas have been implicated as pathogens in several human 
and animal infections (Fung et al., 1983; Gill, 2000; Kristensen 
et al., 1995; Lion et al., 1996). Apart from their involvement in 
human oropharyngeal infections, members of the genus have 
also been implicated in multiple infections causing keratitis, ton- 
sillitis, and stomatitis. Hematogenous spread from the orophar- 
ynx has implicated them in osteomyelitis and endocarditis 
(Kamma et al., 1995). The organisms are frequently recovered 
from neutropenic patients as endogenous infections or wound 
infections as a result of animal bites (Lion et al., 1996; Shurin 
et al., 1979). Capnocytophaga infections due to animal bite are 
usually a result of transmission of Capnocytophaga canimorsus; 
the bacteria can cause clinical manifestations including septi- 
cemia, disseminated intravascular coagulopathy, tissue destruc- 
tion, meningitis, and even death (Fischer et al., 1995; Greene, 
1998; Hawkey et al., 1984; Mossad et al., 1997; Valtonen et al., 
1995). Fatal complications because of Capnocytophaga infection 
are found in immunocompromised patients or patients suffer- 
ing from a chronic disease (Parenti and Snydman, 1985). In 
addition to their being frequent isolates from oral sites, mem- 
bers of the genus are also recovered from pulmonary lesions 
and abscesses, as well as from healthy oral and non-oral sites 
in their hosts (van Palenstein Helderman, 1981), and from 
patients with septic arthritis (Winn et al., 1984). 

Capnocytophaga species may be found as part of the normal 
microbiota of humans and primates. They are routinely recov- 
ered from periodontal lesions (Newman and Sims, 1979; New- 
man and Socransky, 19777), as well as from soft-tissue infections 
and bacteremias. They are frequently recovered from individu- 
als diagnosed with juvenile periodontitis; although previous 


TABLE 36. Cellular fatty acid composition (%) of Capnocytophaga species ^ 
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Fatty acid S ° S S © © S 
C,,,, iso tr-2.1 1.3 1.0 tr 3.5-3.9 1.5-2.1 1.5-2.9 
Cus 1.1-1.5 1.7 2.2 tr-21.2 tr-1.0 1.1-1.9 1.1-2.2 
Cz iso 51.5-63.5 66.7 66.5 60.7-69.1 63.5-68.4 72.8-75.5 55.3-68.0 
Cio tr-1.9 nd nd tr 1.2-1.6 tr tr 
Gii 3.6-12.6 2.3 2.8 4.9-9.8 1.9-4.1 4.2-5.6 4.2-4.7 
Ciso 3-OH 10.0 4.3 4.6 4.9 4.4 5.4 4.4 

2,5, 180 1.2-8.1 nd nd 1.6-8.4 tr-5.7 tr-5.0 2.3-5.9 

C. 12.4 nd nd 15.8 14.4 10.0 25.8 


‘Data from Yamamoto et al. (1994) and Vandamme et al. (1996b). 


Values listed are percentages of the total fatty acids; nd, not determined; tr, «196. 
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MIC (ug/ml)? 


For % of strains 


Antimicrobial agent Range 50 
Penicillin «0.20—0.39 «0.20 
Ampicillin <0.20-0.39 <0.20 
Oxacillin 0.78-25.00 6.25 
Carbenicillin «0.50-2.00 «0.50 
Cephalothin 1.56->50.00 12.50 
Cefazolin 0.78->50.00 6.25 
Cefamandole <0.20-25.00 0.78 
Cefoxitin <0.20-6.25 0.39 
Erythromycin «0.20—50.00 «0.20 
Tetracycline <0.20-1.56 <0.20 
Chloramphenicol «0.20—6.25 0.39 
Clindamycin «0.20—0.39 «0.20 
Metronidazole «0.25—8.00 «0.25 
Vancomycin «0.20—50.00 3.12 
Amikacin 12.50->50.00 <50.00 
Gentamicin 25.00—550.00 «50.00 
Tobramycin All—50.00 <50.00 


?Data are from Forlenza et al. (1981). Thirteen isolates were tested. 


MBC (ug/ml)* 


For % of strains 


90 Range 50 90 
<0.20 «0.20-0.78 «0.20 0.20 
«0.20 «0.20-0.78 «0.20 0.39 
25.00 6.25-25.00 25.00 25.00 
«0.50 «0.50-2.00 «0.50 1.00 
25.00 3.12->50.00 12.50 50.00 
50.00 3.12->50.00 12.50 >50.00 
3.12 0.78->50.00 3.12 50.00 
1.56 «0.20—6.25 0.78 3.12 
0.78 «0.20—50.00 «0.20 0.78 
0.78 <0.20-1.56 0.20 1.56 
6.25 0.78-12.50 6.25 6.25 
«0.20 «0.20—0.39 0.20 «0.20 
2.00 <0.25-8.00 0.50 2.00 
25.00 12.50->50.00 50.00 50.00 
>50.00 All->50.00 >50.00 >50.00 
>50.00 All—>50.00 >50.00 >50.00 
>50.00 All->50.00 >50.00 >50.00 


"MIC, Lowest antibiotic concentration at which turbidity was visible after 48 h (anaerobic incubation). 


“MBC, Value calculated from places inoculated with 0.01 ml of broth from each clear MIC tube onto BBL TS-blood agar plates. Designated lowest antibiotic concentra- 
tion at which these plates were devoid of bacterial growth after 48 h (anaerobic incubation). 


TABLE 38. Antimicrobial susceptibility of Capnocytophaga strains* 


Antimicrobial agent Range” MIC, MIC,“ 
Penicillin G 0.5-2 1 2 
Cephalexin 1-128 4 64 
Cefaclor 0.5-8 2 8 
Cephradine 2-128 4 128 
Cefamandole 0.5-64 16 32 
Cefoxitin 1-8 2 8 
Cefoperazone 0.5-32 8 32 
Moxalactam 0.125-8 1 8 
Erythromycin 0.125-4 0.5 1 
Clindamycin <0.062-4 0.062 0.125 
Chloramphenicol 2-8 4 8 
Metronidazole 2-128 4 16 
Tetracycline 0.25-2 0.5 1 
Bacitracin 2-16 8 16 
Colistin 64—128 2128 2128 
Kanamycin 128-2128 2128 2128 
Nalidixic acid 32-5128 2128 2128 
Vancomycin 4-128 32 64 


“Data are from Sutter et al. (1981). Twenty-seven isolates were tested. 


"Concentrations are in pg/ml, except for penicillin G and bacitracin, which are 
in units/ml. 


‘MIC, and MIC,» Minimal concentrations required to inhibit 50 and 90% respec- 
tively, of the tested strains. Units are as described in footnote b. 


reports have indicated some clinical association between the 
genus and the clinical outcome of the disease in young adults, 
this has not been confirmed. Members of the genus are also 
recovered from a variety of lesions and/or abscesses from com- 
promised hosts. The genus has been isolated from patients with 
hematological malignancy and profound neutropenia. These 
patients routinely have oral mucosal ulcerations, which may 
be the portal of entry of Capnocytophaga into the bloodstream. 


Capnocytophaga species have also been recovered from sputum 
and throat samples, spinal fluid, vagina, cervix, amniotic fluid, 
trachea, and eyes. 


Enrichment and isolation procedures 


Capnocytophagas can be isolated selectively by streaking onto 
Thayer-Martin selective medium or on TS-blood agar con- 
taining bacitracin (50 pg/ml) and polymyxin B (100 pg/ml) 
(Mashimo et al., 1983). Capnocytophaga species have also been 
isolated by standard laboratory procedures employing TS-blood 
agar-based media (Forlenza et al., 1980; Gilligan et al., 1981; 
Leadbetter et al., 1979), blood agar, and chocolate agar. Cap- 
nocytophaga species do not grow on MacConkey agar. Rummens 
et al. (1985, 1986) have reported a selective medium (“CAP”) 
composed of a GC agar supplemented with 1% hemoglobin, 
1% Polyvitex, and an antibiotic mixture of polymyxin B (15 U/ 
ml), vancomycin (5 pg/ml), trimethoprim (2.5 pg/ml), and 
amphotericin (2.5 pg/ml) to be an excellent medium for the 
recovery of Capnocytophaga species from a variety of oral clinical 
specimens. The plates are incubated for 3-5 d at 35-37°C in an 
anaerobic chamber (5% CO, + 10% H, + 85% N,) or in Brewer 
jars (under 5% CO, + 95% air atmosphere). Capnocytophaga spe- 
cies grow as flat, concentrically spreading films from a central 
colony or point of inoculation (Figures 32-34). 

Colonies are removed easily from the agar surface, diluted in 
sterile phosphate-buffered saline or in a reduced transport fluid 
(Syed and Loesche, 1972), and restreaked to Thayer-Martin or 
TS-blood agar. Pure isolates can be obtained by employing this 
procedure. 


Maintenance procedures 


Capnocytophaga species can be maintained on TS-blood agar 
or TS agar. The characteristic spreading morphology is best 
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observed and maintained on BBL TS-blood agar plates or on TS 
agar [3% (w/v) agar concentration]. After suitable incubation 
in an anaerobic environment with at least 5% CO, or in Brewer 
jars (5% CO,/95% air), stock cultures can be maintained on 
agar slants or Petri dish agar surfaces in Brewer jars at room 
temperature or in the refrigerator. Cultures can also be frozen 
in liquid nitrogen or freeze-dried by standard bacteriological 
procedures. 


Taxonomic comments 


Capnocytophaga ochracea ATCC 33596! [strain 25" of Leadbetter 
et al. (1979) ] was compared to Bacteroides ochraceus (VPI 5567, 
VPI 5568, VPI 5569), and the Centers for Disease Control (CDC) 
biogroup DF-1 by DNA-DNA hybridization and phenotypic 
characteristics (Newman and Sims, 1979; Newman and Socran- 
sky, 1977; Williams et al., 1979) and most of these strains were 
designated Capnocytophaga. ochracea (Leadbetter et al., 1979); 
one DF-1 strain was designated Capnocytophaga gingivalis by Wil- 
liams et al. (1979). The original isolate of Loesche, Bacteroides 
oralis var. elongatus (strain SS31), is extant as Bacteroides ochraceus 
(originally ATCC 278727). DNA-DNA hybridization (Williams 
et al., 1979), serological cross-reactivity (Stevens et al., 1980; 
B.F. Hammond, personal communication), and phenotypic 
characteristics (Socransky et al., 1979) have identified it as Cap- 
nocytophaga ochracea. Yamamoto et al. (1994) isolated two addi- 
tional Capnocytophaga species from human supragingival dental 
plaque. Capnocytophaga haemolytica [Group A of Yamamoto et al. 
(1994) ] was strongly a-hemolytic and aminopeptidase-negative. 
Capnocytophaga. granulosa was capable of aerobic growth, was 
non-hemolytic, and contained granular inclusions. 
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Differentiation of the species of the genus 
Capnocytophaga 

The differential characteristics of Capnocytophaga species are 
listed in Table 39. 


TABLE 39. Differentiation of Capnocytophaga species*^ 
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Characteristic S G e, e, S ü ü 
Aerobic growth _ _ _ _ = + E 
Hemolysis w _ _ = = + = 
Esculin hydrolysis + d (9) - - + + 
Nitrate reduction to nitrite d - d - - + + 
Oxidase _ + + _ _ _ _ 
Catalase _ + + _ _ _ _ 
Acid production from: 

Fructose (+) d + (+) (+) 
Glycogen d d G) + - d - 
Inulin t - d + - d + 
Melibiose _ _ + = = 
Raffinose + _ d + + 
Sucrose + _ d + + + + 


“Symbols: +, >90% positive at 48 h; (+), >90% positive at 7 d; —, <10% positive at 
7 d; w, weak reaction; blank space, not reported. 


"Data from Brenner et al. (1989) and Yamamoto et al. (1994). 


List of species of the genus Capnocytophaga 


1. Capnocytophaga ochracea Leadbetter, Holt and Socransky 
1982, 266° (Effective publication: Leadbetter, Holt and 
Socransky 1979, 14.) 


o.chra'ce.a. L. n. ochra yellow ochre; N.L. fem. adj. ochracea of 
the color of ochre, yellow. 


Characteristics are as described for the genus. The 
majority (92%) of strains of Capnocytophaga ochracea pro- 
duce acid from lactose. A variable number (11-89%) are 
capable of fermenting galactose with acid production. 
Only 896 of the strains are capable of reducing nitrate. 
The majority of strains analyzed so far produce acid from 
amygdalin, esculin, and glycogen, as well as hydrolyze 
starch and dextran. 

Source: human supragingival dental plaque. 

DNA G+C content (mol96): 38-39 (T). 

Type strain: 25, ATCC 33596. 


Sequence accession no. (16S rRNA gene): X67610, L14635. 

Editorial note: in the effective publication of the species by 
Leadbetter, Holt and Socransky (1979), the type strain is des- 
ignated ATCC 27872. However, in Validation List no. 8 (IJSB 
32: 266-267, 1980), the type strain is designated “strain 25 
(=ATCC 33596)”. Footnote (c) in Validation List no. 8 states: 
“Type designated by the author(s) in a personal communica- 
tion to the editor, IJSB; this announcement establishes the 
type and satisfies the requirement for valid publication". 
Footnote (e) states: "Through a clerical error, the wrong 
strain was cited as the type strain in the original publication; 
the strain cited here is the actual type (S. Holt, personal com- 
munication to the editor, IJSB)”. 


2. Capnocytophaga canimorsus Brenner, Hollis, Fanning and 
Weaver 1990, 105"" (Effective publication: Brenner, Hollis, 
Fanning and Weaver 1989, 233; CDC group DF.) 
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ca.ni.mor'sus. L. n. canis dog; L. n. morsus bite, biting; N.L. 
gen. n. canimorsus of a dog bite. 


This species was proposed by Brenner et al. (1989) for Cap- 
nocytobhaga strains belonging to CDC Dysgonic Fermenter 
group 2 (DF-2). The organisms were first described by Bobo 
and Newton (1976) from a human case of septicemia with 
meningitis. Butler et al. (1977) extended the original obser- 
vations by Bobo and Newton and reported a high frequency 
of association between dog bites in the antecedents and the 
importance of splenectomy as a predisposing condition. The 
organism was given the epithet CDC group DF-2 (see above). 
Brenner et al. (1989) were able to describe similarities 
between DF-2 and DF-2-like micro-organisms with another 
closely related bacterium responsible for localized infections 
due to dog bites and Capnocytophaga (originally DF-1) species 
described by Leadbetter et al. (1979). DF-2 was later found 
to reside in the oral cavity of dogs and cats. Transmission to 
humans by bite, scratch, or mere exposure to animals, and 
their common characteristics with members of the genus 
Capnocytophaga led Brenner et al. (1989) to propose the 
name Capnocytophaga canimorsus for members of group DF-2 
and Capnocytophaga cynodegmi for the DF-2-like species. 

Cells are thin, Gram-stain-negative, nonsporeforming 
rods, 1-3 pm in length. Capnocytophaga canimorsus differs 
from the other Capnocytophaga species by its positive oxidase 
and catalase reactions, but it does resemble Capnocytophaga 
in other characteristics. For biochemical characteristics of 
Capnocytophaga canimorsus (DF-2 strains), see Brenner et al. 
(1989). 

Source: the type strain was isolated in 1961 from the blood ofa 
male subject. Other strains have been isolated from human cere- 
brospinal fluid and wounds and the mouths of healthy dogs. 

DNA G+C content (mol % ): 36-38 (T) (type strain). 

Type strain: ATCC 35979, CDC 7120, CIP 103936, NCTC 
12242. 

Sequence accession no. (16S rRNA gene): X97246, L14637. 


. Capnocytophaga cynodegmi Brenner, Hollis, Fanning and 
Weaver 1990, 105"" (Effective publication: Brenner, Hollis, 
Fanning and Weaver 1989, 235.) 


cy.no.deg'mi. Gr. kyon, kynos dog; Gr. n. degmos a bite; N.L. 
gen. n. cynodegmi of a dog bite. 


This species was proposed for CDC group DF-2-like organ- 
isms. Strains are similar to those of Capnocytophaga canimor- 
sus in that they are positive for oxidase and catalase, but 
resemble Capnocytophaga species in other characteristics. For 
biochemical characteristics of DF-2-like strains, see Brenner 
et al. (1989). 

Source: the type strain was isolated from the mouth of a 
dog. Other strains have been isolated from human dog-bite 
wounds. 

DNA G+C content (mol96): 34-36 (T. ) (type strain). 

Type strain: E6447, ATCC 49044, CCUG 24742, CIP 103937, 
LMG 11513, NCTC 12243. 

Sequence accession no. (168 rRNA gene): X97245, L14638. 


. Capnocytophaga gingivalis Leadbetter, Holt and Socransky 
1982, 266° (Effective publication: Leadbetter, Holt and 
Socransky 1979, 14.) 


gin.gi.va'lis. N.L. fem. adj. gingivalis of the gum. 


The physiological and morphological characteristics are 
as described for the genus (Tables 34, 36, and 39). It does 
not produce acid end products from lactose or galactose. 
Only 896 of the Capnocytophaga, gingivalis strains examined 
reduced nitrate. Capnocytophaga gingivalis is physiologically 
inactive, compared with Capnocytophaga ochracea; it does not 
ferment amygdalin, salicin, cellobiose, esculin, or glycogen 
and it does not hydrolyze starch. 

Source: human supragingival dental plaque. 

DNA G+C content (mol?6): 40 (T. ) (type strain). 

Type strain: 27, ATCC 33624, CCUG 9715, CIP 102945, 
DSM 3290, JCM 12953, LMG 11514, NCTC 12372. 

Sequence accession no. (168 rRNA gene): X67608, L14639. 


. Capnocytophaga granulosa Yamamoto, Kajiura, Hirai and 


Watanabe 1994, 327°” 
gra.nu.lo'sa. N.L. fem. adj. granulosa granular. 


Although sharing the major characteristics of the other 
Capnocytophaga species, this species exhibits high aminopep- 
tidase activity (Table 35) and granular inclusions in its cells 
(Figure 39). The aminopeptidase enzyme was purified and 
classified as a metallopeptidase and endopeptidase because 
it released N-terminal amino acid residues exclusively, but 
did not hydrolyze benzoyl-Arg-pnitroanilide. The enzyme 
also differs from that found in the other Capnocytophaga spe- 
cies in that it was isolated from the envelope fraction and 
found to hydrolyze a synthetic substrate for chymotrypsin or 
trypsin. The molecular mass of the Capnocytophaga gingivalis 
aminopeptidase has been reported to be 64 kDa, whereas 


FIGURE 39. Thin section of Capnocytophaga haemolytica (a) and Capno- 
cytophaga granulosa (b) grown anaerobically in GAM broth at 37°C for 
18 h. Note the clear areas representative of inclusion bodies at the cell 
poles. Bar = 0.5 pm. (Reprinted with permission from Yamamoto et al., 
1994, Int. J. Syst. Bacteriol. 44: 324—829.) 
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that isolated and purified from Capnocytophaga gramulosa was 
larger (86 kDa). The Capnocytophaga granulosa aminopepti- 
dase also shared several characteristics with aminopeptidase 
B (arginyl aminopeptidase), one of the major aminopepti- 
dases im mammalian organs. 

Both Capnocytophaga, granulosa and Capnocytophaga haemo- 
lytica contain electron-transparent inclusion bodies when 
grown in GAM broth (Figure 39). The role of these in the 
physiology of this species is to be determined. 

Source: human dental plaque. 

DNA G+C content (mol % ): 42—44 (T) (type strain). 

Type strain: B0611, ATCC 51502, CCUG 32991, CIP 104128, 
DSM 11449, JCM 8566, LMG 16022, NCTC 12948. 

Sequence accession no. (16S rRNA gene): X97248. 


6. Capnocytophaga haemolytica Yamamoto, Kajiura, Hirai and 
Watanabe 1994, 327? 


hae.mo.ly'ti.ca. Gr. n. haema blood; Gr. adj. lyticus -a -um able 
to loosen, able to dissolve; N.L. fem. adj. haemolytica blood 
dissolving. 

The phenotypic characteristics of this species are as 
described for the genus Capnocytophaga. However, the levels of 
DNA relatedness between Capnocytophaga haemolytica and the 
other Capnocytophaga species (excluding Capnocytophaga gran- 
ulosa) are less than 20%. Characteristics of Capnocytophaga 
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haemolytica are its hemolytic activity and the absence of 
aminopeptidase activity. 

Source: human dental plaque. 

Type strain: A0404, ATCC 51501, CCUG 32990, CIP 104125, 
DSM 11385, JCM 8565, LMG 16021, NCTC 12947. 

DNA G+C content (mol % ): 44 (T) (type strain). 

Sequence accession no. (16S rRNA gene): X97247. 


7. Capnocytophaga sputigena Leadbetter, Holt and Socransky 
1982, 266” (Effective publication: Leadbetter, Holt and 
Socransky 1979, 14.) 


spu.ti.ge’na. N.L. fem. adj. sputigena sputum-produced. 


Physiological and morphological characteristics are as 
described for the genus (Tables 34 and 39). Capnocytophaga 
sputigena possesses a variable ability to ferment lactose, fruc- 
tose, and dextran. The strains examined were unable to 
ferment galactose. Of the Capnocytophaga sputigena strains 
examined, 80% hydrolyzed esculin; none of the examined 
strains were capable of utilizing cellobiose, glycogen, or 
starch. 

Source: human supragingival dental plaque. 

DNA G+C content (mol % ): 38-40 (T_) (type strain). 

Type strain: 4, ATCC 33612, CCUG 9714, CIP 104301, DSM 
7273, LMG 11518, NCTC 11653. 

Sequence accession no. (16S rRNA gene): X67609, L14636. 


Genus IX. Cellulophaga Johansen, Nielsen and Sjøholm 1999, 1238? 


JoHN P. Bowman 


Cel.lu.lo.pha'ga. N.L. n. cellulosum cellulose; Gr. v. phagein to eat; N.L. fem. n. Cellulophaga eater of 


cellulose. 


Rod-shaped cells with rounded ends, 1.5-5 x 0.4-0.8 pm. 
Gram-stain-negative. Cells occur singly or in pairs, occasion- 
ally in chains. Spores and resting cells are not present. Gas ves- 
icles and helical or ring-shaped cells are not formed. Motile by 
gliding. Strictly aerobic, with an oxidative type of metabolism. 
Catalase-positive. Chemoheterotrophic. Colonies are yellow 
to orange due to production of carotenoids. Flexirubin pig- 
ments are not produced. Strains require Na* for good growth. 
Good growth occurs between 1 and 5% NaCl; growth does not 
occur in 10% NaCl. Optimum growth occurs in organic media 
containing seawater salts. All species: hydrolyze agar, carra- 
geenan, gelatin, starch, and esculin; produce esterase (with 
Tweens as substrates) and possess B-galactosidase activity; 
and decompose L-tyrosine and form dark brown pigments on 
media containing L-tyrosine. All species form acid from carbo- 
hydrates including D-glucose, D-galactose, sucrose, trehalose, 
and cellobiose. Some species are strongly proteolytic, degrad- 
ing elastin and fibrinogen. Some species can attack and lyse 
living and dead eukaryotic cells, including yeasts and unicel- 
lular algal species. All species grow between 10 and 25°C, with 
temperature optima depending on the species. Neutrophilic, 
with optimal growth occurring at pH 7.0-7.5. The major fatty 
acids are Cigo C,., @10c iso, Ciso iso, Ciga 07e Ciz 07c iso, 
Ciso 9-OH iso, Ciso 3-OH iso, and C., 3-OH iso. The major 
polyamine is homospermidine. The major isoprenoid quinone 
is menaquinone-6. The organisms are cosmopolitan inhabit- 
ants of marine ecosystems including marine coastal mud and 
sand, tide pools, seawater (brackish and open ocean), and 
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surfaces of marine benthic, pelagic and sea-ice-associated 
macroalgae and microalgae. 

DNA G+C content (mol % ): 32-38 (HPLC, T). 

Type species: Cellulophaga lytica (Lewin 1969) Johansen, 
Nielsen and Sjøholm 1999, 1239V" ( Cytophaga lytica Lewin 1969, 
199). 


Further descriptive information 


The genus Cellulophaga is a member of the family Flavobacteri- 
aceae, making up a relatively distinct if somewhat broad phy- 
logenetic sublineage (see Taxonomic comments). The genus 
includes five species, Cellulophaga lytica, Cellulophaga algicola, 
Cellulophaga baltica, Cellulophaga fucicola, and Cellulophaga paci- 
fica. Cellulophaga species form a single 16S rRNA gene cluster 
that is composed of two distinct subgroups. Cellulophaga lytica 
and Cellulophaga fucicola form one subgroup, while Cellulophaga 
algicola, Cellulophaga baltica, and Cellulophaga pacifica form the 
second subgroup. These subgroups differ in terms of their 16S 
rRNA gene sequences by approximately 5-646. It would seem 
that there could be grounds to split the genus into two separate 
sections; however, at present, this is very difficult to justify owing 
to the many distinct phenotypic and chemotaxonomic features 
that Cellulophaga species share. 

The species form characteristically spreading yellow-orange 
colonies on marine media. These colonies soften and depress 
the agar immediately around them due to the secretion of 
agarolytic exoenzymes. Colonial pigmentation can occur with 
a greenish metallic iridescence or opalescence and appears to 
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be mainly due to the production of the carotenoid zeaxanthin 
(Lewin and Lounsbery, 1969). Colonies may appear compact 
if grown on media with a high nutrient content. Spreading 
growth and agarolytic activity are more evident on nutrient- 
poor media, e.g., 0.1% tryptone, 0.1% peptone, and 1.2% agar 
prepared in seawater. Cellulophaga species possess a relatively 
rapid gliding motility; again, this property is most evident in 
nutrient-poor situations. 

Characteristics that differentiate species of the genus are 
shown in Table 40. Cellulophaga species are generally strongly 
saccharolytic and are notably active against marine-type polysac- 
charides, especially agars and alginates, substances commonly 
produced by various marine macroalgae. The name of the 
genus is unfortunately not exactly apt because no species in the 
genus is actually able to degrade cellulose, whether provided 
in a crystalline powdered form or in the form of paper. How- 
ever, most species can degrade carboxymethylcellulose, with 


TABLE 40. Differential phenotypic characteristics of Cellulophaga 
species* 
E ° E S 
S $S 838 g & 
E C “š 3 š 
D> S S E < 
Characteristic S S S S S 
Growth on: 
Nutrient agar d (w) d (w) - _ _ 
Nutrient agar + 8% NaCl + + - - + 
Growth at: 
-2*C - + _ - - 
4°C = + + + + 
30°C + = + + + 
37°C + - - - - 
Hydrolysis of: 
Chitin d - - - 
Alginate x * + + nd 
Carboxymethylcellulose * d + + = 
Casein d + + _ - 
Elastin - - + + nd 
Fibrinogen = = + _ nd 
Oxidase activity + + = = + 
Extracellular DNase _ d + + _ 
Lipase (olive oil) d d _ _ nd 
Lysis of autoclaved yeast cells - - * + = 
Nitrate reduction to nitrite _ + _ + + 
Urease activity = = = * nd 
Urate decomposition = = * + nd 
H,S from L-cysteine d _ nd nd _ 
Acid production from: 
p-Fructose t d t + nd 
p-Mannose + + + _ nd 
L-Arabinose d _ _ + + 
D-Xylose d u + - D 
N-Acetyl-b-glucosamine - d - - m 
p-Mannitol + - - - - 
Maltose + + - + 
Lactose + + _ _ + 
Glycerol d _ - i - 
L-Rhamnose d - - + _ 


DNA G+C content (mol%) 32-34 36-38 33 32 32-34 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); —, 0-15% positive; w, weak reaction; nd, not determined. 
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the exception of Cellulophaga pacifica. Nevertheless, Cellulophaga 
species produce numerous exoenzymes that remain, to date, 
nearly completely unstudied. 

Cellulophaga species, like other members of the family Fla- 
vobacteriaceae, have menaquinone-6 as the major isoprenoid 
quinone, accumulate primarily the polyamine homospermi- 
dine (Hamana and Nakagawa, 2001), and possess primarily 
branched chain C—C, fatty acids (Table 41). Strains also tend 
to accumulate the biogenic amine 2-phenylethylamine (Hosoya 
and Hamana, 2004), presumably due to the decarboxylation of 
phenylalanine. 

Strains of Cellulophaga lytica as well as undescribed Cellu- 
lophaga isolates have been shown to exhibit predatory behavior 
on pelagic unicellular algae (Skerratt et al., 2002). This activity 
appears to be due to the release of lytic enzymes in the vicin- 
ity of the host cells. Cellulophaga baltica and Cellulophaga fucicola 
also exhibit pronounced lytic activity against autoclaved yeast 
cells and are strongly proteolytic (Johansen et al., 1999). 

Cellulophaga lyticadike bacteria are considered, somewhat 
anecdotally, to be very common in various marine settings 
including tidal pools and on the surfaces of macroalgae (espe- 
cially red algae) species (Lewin, 1969). The temperature profile 
of Cellulophaga lytica (growth occurs between >4°C and 35—40°C, 
optimum 22-30°C) suggests that it favors temperate to tropical 
marine ecosystems. Cellulophaga baltica and Cellulophaga fucicola 
have a preference for brackish seawater (optimal growth occurs 
with 20 g/l sea salts) and are at least indigenous to the Baltic 
Sea, occurring on benthic macroalgae (Fucus serratus L. in par- 
ticular) and in surrounding seawater (Johansen et al., 1999). 
Cellulophaga algicola represents a cold-adapted species in the 
genus, preferring temperatures between 10 and 20°C, and has 
been isolated mainly from the surfaces of algae associated with 
coastal Antarctic sea-ice (Bowman, 2000) Cellulophaga species 
forming biofilms on macroalgae may influence the reproduc- 
tive colonization success of macroalgal populations (Patel et al., 
2003). Cellulophaga algicola is noted as producing several cold- 
adapted exoenzymes (Nichols et al., 1999). Molecular studies 
suggest Cellulophaga is widespread in Antarctic sea-ice (Brown 
and Bowman, 2001). Cellulophaga pacifica was isolated from sea- 
water collected from the Sea of Japan in the north-west Pacific 
Ocean (Nedashkovskaya et al., 2004e). Several other studies 
have also identified Cellulophaga isolates from diverse marine 
locations, including toxic dinoflagellate blooms, salmonid 
gill tissue, and deep-sea sediment (Green et al., 2004; various 
unpublished sources). 


Enrichment and isolation procedures 


No specific procedure has been established for specific isola- 
tion of Cellulophaga species. Macroalgal dwelling species can 
be obtained by homogenizing pieces of seaweed material in 
sea salts solutions and, after sufficient dilution, spread onto 
CYT agar (1 g casein, 0.5 g yeast extract, 0.5 g CaCl,-H,O, 
0.5 g MgSO,-H,O, 15 g agar, 1000 ml deionized water, pH 7.3; 
Johansen et al., 1999) or marine agar (Difco, Oxoid) (Bowman, 
2000). Yellow-orange colonies, containing rod-like cells and 
surrounded by softened agar due to agarolysis, are presumptive 
for Cellulophaga species. Subsequent confirmation using 16S 
rRNA gene sequencing is generally required because several 
other members of the family Flavobacteriaceae are also capable 
of agarolytic activity. 
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TABLE 41. Whole-cell fatty acid contents of members of the genus Cellulophaga* 


E “Bp E 8 S 
= E E S š 
Fatty acid G G S ü ü 
Saturated fatty acids: 
Cin tr tr tr tr 
Cio 9.3 (2.0) 14.3 (2.4) 12.2 9.8 15.2 (2.7) 
PM 1.7 (1.0) 1.3 (0.5) 3.4 1.2 
Branched-chain fatty acids: 
C,., @10¢ iso 10.3 (1.7) 7.5 (2.0) 9.8 9.0 17.9 (4.2) 
C, @10c anteiso tr tr nd tr 
C z.o iso 18.9 (3.6) 7.5 (1.8) 13.6 21.4 8.3 (1.9) 
C; anteiso 1.0 (0.6) 2.5 (1.0) 2.6 1.2 
Cie 6c iso 1.4 (1.0) 2.2 (1.1) T 1.3 
Cso 180 tr 2.7 (1.3) tr 1.4 
Ci; 7c iso 5.1 (0.9) 6.1 (1.5) 5.2 6.7 
C,,,, @7canteiso 1.5 (0.5) tr tr tr 
Monounsaturated fatty acids: 
Ci; @6c 2.5 (0.8) 2.6 (0.6) 2.3 1.4 
Cu @7¢ 9.0 (1.5) 19.2 (3.0) 16.9 13.8 13.3 (4.1) 
d tr nd tr tr 
Hydroxy fatty acids: 
Ciz. 9-OH iso 6.2 (1.9) 8.6 (2.3) 6.1 3.2 
Ciz 9-OH anteiso 1.1 (0.7) 1.5 (1.0) tr 1.8 
Cis |, 3-OH tr tr tr tr 
Cico 9-OH iso 5.2 (3.4) 6.5 (1.9) 7.3 5.0 
Ciso OH tr 1.8 (0.9) 1.1 1.9 
C,,,) 3-OH iso 20.8 (4.0) 4.5 (2.0) 14.0 16.9 4.8 (2.7) 
C; 3-OH anteiso tr tr tr tr 
Other 1.5 (0.8) 1.3 (0.5) 0.8 1.7 


“Values represent percentages of total fatty acids (standard deviations based on results from three experiments are 
given in parentheses); tr, trace level detected («146 of total fatty acids); nd, not detected. 


"Only the major fatty acid constituents were reported in the description of Cellulophaga pacifica (Nedashkovskaya et al., 


2004e). 


Maintenance procedures 


Strains can be maintained for many years cryopreserved in marine 
broth containing 20-30% glycerol. Strains may also be maintained 
by lyophilization using 20% skim milk as a cryoprotectant. 


Differentiation of the genus Cellulophaga 
from other genera 


The most salient traits useful for differentiation of Cellulophaga 
spp. from other members of the Flavobacteriaceae include a 


strictly oxidative metabolism, the ability to form acid from car- 
bohydrates, the ability to grow in defined mineral salts media, 
the lack of flexirubin pigment production, gliding motility, a 
requirement for Na* for growth, and agarolytic activity. Cellu- 
lophaga species have several similarities to other members of 
the family Flavobacteriaceae, in particular members of the genus 
Zobellia (Barbeyron et al., 2001); however, Cellulophaga species 
can be differentiated from these species primarily by lack of 
budding cells, lack of flexirubin-type pigments, and strictly 
aerobic growth (Table 42). 


TABLE 42. Differentiation of genus Cellulophaga from other Na'-requiring, agarolytic, yellow- 


pigmented members of the family Flavobacteriaceae 


S 
E š š É 
E 3 š Š Š š 
$ S Š E Ep S 
Characteristic Š < S = = N 
Budding cells - $ = m = 
Flexirubins - + + + + 
Anaerobic growth + + = — 2 
Growth at 42°C - - - D D 
Nitrate reduction D - D D - t 
DNA G+C content (mol%) 32-38 32-36 34-36 35-39 33-36 36-43 


“Symbols: +, >85% positive; —, 0-15% positive; D, different results occur in different taxa (species of a genus). 
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Taxonomic comments 


As part of his study of marine bacteria, Lewin (1969) described 
Oytophaga lytica. Reichenbach (1989c) opined that there was con- 
siderable heterogeneity in the genus Oytophaga and Cytophaga 
lytica was identified, along with many other Cytophaga species, 
as being a part of a distinct group of bacteria, probably con- 
stituting a separate genus. Indeed, phylogenetic and chemot- 
axonomic studies (Nakagawa and Yamasato, 1993) showed that 
Cytophaga lytica was quite distinct from other Cytophaga species, 
in particular the Cytophaga species sensu stricto such as Cytophaga 
hutchinsonii, which belong to a completely separate section of 
phylum Bacteroidetes and are non-marine in terms of their ecol- 
ogy. There was for a while some confusion that Cytophaga lytica 
was possibly closely related to the marine species Cytophaga 
marinoflava. Different 16S rRNA gene sequences present in the 
GenBank database were identified as giving conflicting phyloge- 
netic relationships for Cytophaga lytica and Cytophaga marinoflava 
(Clayton et al., 1995). This was probably due to a strain mix-up. 
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Reappraisal of the data indicated that Cytophaga marinoflava was 
distinct from Cytophaga lytica (and other Cellulophaga species) 
phylogenetically, as well as in terms of phenotypic characteris- 
tics. Cytophaga marinoflava was renamed Leeuwenhoekiella marino- 
flava (Nedashkovskaya et al., 2005i). Johansen et al. (1999) 
placed Cytophaga lytica in the genus Cellulophaga along with 
novel isolates from Baltic Sea samples, which were described as 
Cellulophaga baltica and Cellulophaga fucicola. Subsequently, Cel- 
lulophaga algicola and. Cellulophaga pacifica were described from 
other marine samples. At one point, Cytophaga uliginosa (ZoBell 
and Upham, 1944) Reichenbach (1989c) was also transferred 
to the genus Cellulophaga (Bowman, 2000), mainly on the basis 
of various phenotypic similarities (e.g., cellular and colony mor- 
phology, gliding motility, agarolytic activity, and fatty acid con- 
tent). However, with the subsequent description of several other 
genera in the family Flavobacteriaceae, it quickly became evident 
that Cellulophaga uliginosa belonged to a separate genus and was 
thus renamed Zobellia uliginosa (Barbeyron et al., 2001). 


List of species of the genus Cellulophaga 


1. Cellulophaga lytica (Lewin 1969) Johansen, Nielsen and 
Sjøholm 1999, 1239" ( Cytophaga lytica Lewin 1969, 199) 


ly'ti.ca. L. fem. adj. lytica (from Gr. fem. adj. lutiké able to 
loosen, able to dissolve), loosening, dissolving. 


Characteristics are as given for the genus and as listed in 
Table 40. In addition, Cellulophaga lytica strains can use pep- 
tones, Casamino acids, and L-glutamate as nitrogen sources 
and can produce ammonia from peptones. Growth can 
occur on peptone alone. 

Source: isolated from coastal sand and mud, tidal pools, 
and macroalgal samples. 

DNA G+C content (mol96): 32-34 (T). 

Type strain: ATCC 23178, CIP 103822, DSM 7489, IFO 
14961, JCM 8516, LMG 1344, VKM B-1433. 

Sequence accession no. (16S rRNA gene): M62796. 

Additional remarks: 16S rRNA and GyrB gene sequences 
for several Cellulophaga lytica strains have been published 
by Suzuki et al. (2001) under GenBank accession numbers 
AB032509-AB032513 (16S rRNA gene sequences) and 
AB034213-AB034218 (GyrB gene sequences). 


2. Cellulophaga algicola Bowman 2000, 1866"* 


al.gi.co'la. L. n. alga alga; L. suff. -cola (from L. n. incola) 
inhabitant, dweller; N.L. fem. n. algicola algae-dweller. 


Characteristics are as given for the genus and as listed in 
Table 40. 

Source: isolated from sea-ice algal material and polar mac- 
roalgae. 

DNA G+C content (mol % ): 36-38 (T). 

Type strain: 1C166, ACAM 630. 

Sequence accession no. (16S rRNA gene): AF001366. 


3. Cellulophaga baltica Johansen, Nielsen and Sjgholm 1999, 
1238% 


bal'ti.ca. N.L. fem. adj. baltica of or belonging to the Baltic 
Sea. 


Characteristics are as given for the genus and as listed in 
Table 40. In addition, on Biolog GN MicroPlates, most strains 


(>80%) are positive for utilization of D-fructose, L-fucose, 
D-galactose, o-p-glucose, sucrose, trehalose, methyl pyru- 
vate, o-ketobutyrate, and r-glutamate; some strains tested 
(20-70%) are positive for L-arabinose, gentiobiose, maltose, 
D-mannose, psicose, L-rhamnose, formate, y-hydroxybu- 
tyrate, 2-oxoglutarate, glucuronamide, L-proline, and L-thre- 
onine. Negative results (<10% of strains) were recorded for 
the following substrates: dextrin, o-cyclodextrin, glycogen, 
Tween 40, Tween 80, Macetyl-p-galactosamine, N-acetyl-p- 
glucosamine, adonitol, bD-arabitol, cellobiose, i-erythritol, 
myoinositol, o-D-lactose, lactulose, D-mannitol, melibiose, 
methyl-B-p-glucoside, raffinose, p-sorbitol, turanose, xylitol, 
acetate, cis-aconitate, citrate, D-galactonate lactone, p-glu- 
cosaminate, D-galacturonate, D-gluconate, D-glucuronate, 
a-hydroxybutyrate, B-hydroxybutyrate, p-hydroxyphenylace- 
tate, itaconate, o-ketovalerate, DL-lactate, malonate, monom- 
ethylsuccinate, propionate, quinate, D-saccharate, sebacate, 
bromosuccinate, succinate, succinamate, alaninamide, p-ala- 
nine, L-alanine, L-alanylglycine, L-asparagine, L-aspartate, 
glycyl-L-aspartate, glcyl-r-glutamate, L-histidine, hydroxy-L- 
proline, L-leucine, L-ornithine, L-phenylalanine, L-pyroglu- 
tamate, D-serine, L-serine, DL-carnitine, y-aminobutyrate, 
urocanate, inosine, uridine, thymidine, phenylethylamine, 
putrescine, 2-aminoethanol, 2,3-butanediol, glycerol, glu- 
cose l-phosphate, glucose 6-phosphate, and pr-o-glycerol 
phosphate. 

Source: isolated from the brown alga Fucus serratus L. and 
surrounding seawater of the Baltic Sea. 

DNA G+C content (mol % ): 33 (HPLC). 

Type strain: NN015840, ATCC 700862, CIP 106307, LMG 
18535. 

Sequence accession no. (16S rRNA gene): AJ005972. 

4. Cellulophaga fucicola Johansen, Nielsen and Sjøholm 1999, 

1238" 
fu.ci.co'la. N.L. n. Fucus seaweed genus; L. suff. -cola (from L. n. 
incola) inhabitant, dweller; N.L. fem. n. fucicola Fucus-dweller. 


Data are based on a single isolate. Characteristics are as 
given for the genus and as listed in Table 40. In addition, on 
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Biolog GN MicroPlates the type strain is positive for utiliza- 
tion of Tween 40, L-arabinose, D-fructose, L-fucose, L-rham- 
nose, D-sorbitol, methyl pyruvate, and o-ketobutyrate. All 
other substrates tested were negative (see description of Cel- 
lulophaga baltica for substrate list). 

Source: isolated from the brown alga Fucus serratus L. from 
the Baltic Sea. 

DNA G+C content (mol96): 32 (HPLC). 

Type strain: NN015860, ATCC 700863, CIP 106308, LMG 
18536. 

Sequence accession no. (16S rRNA gene): AJ005973. 


5. Cellulophaga pacifica Nedashkovskaya, Suzuki, Lysenko, Snau- 
waert, Vancanneyt, Swings, Vysotskii and Mikhailov 2004e, 611V* 


FAMILY I. FLAVOBACTERIACEAE 


pa.cifi.ca. L. fem. adj. pacifica peaceful; referring to the 
Pacific Ocean, from which the organism was isolated. 


Characteristics are as given for the genus and as listed in 
Table 40. 

Source: isolated from seawater collected from the Sea of 
Japan, north-west Pacific Ocean. 

DNA G+C content (mol96): 32 (HPLC), 33 (T). 

Type strain: JCM 11735, KMM 3664, LMG 21938. 

Sequence accession no. (16S rRNA gene): AB100840. 

Additional remarks: GenBank accession numbers for the 
16S rRNA gene sequence of other Cellulophaga pacifica iso- 
lates are AB100842 (strain KMM 3915) and AB100841 (strain 
KMM 3669). 


Genus X. Chryseobacterium Vandamme, Bernardet, Segers, Kersters and Holmes 1994a, 829"? 


JEAN-FRANGOIS BERNARDET, CELIA J. HUGO AND Brita BRUUN 


Chry.se.o.bac.te'ri.um. Gr. adj. chryseos golden; L. neut. n. bacterium a small rod; N.L. neut. n. Chryseobac- 


terium a yellow rod. 


Straight, single rods with rounded ends typically about 0.5 pm 
in width and variable in length, often 1-3 pm; filamentous cells 
and pleomorphism also occur. Do not form endospores. Spher- 
ical degenerative forms do not appear in ageing liquid cultures. 
Colonies are pale to bright yellow due to the production of non- 
diffusible, non-fluorescent flexirubin-type pigments. A strong, 
aromatic odor is produced. Gram-stain-negative. Nonmotile. 
Flagella, gliding movement, or swarming growth have not been 
reported. Obligately aerobic, having a strictly respiratory type 
of metabolism with oxygen as the terminal electron accep- 
tor. No denitrification occurs and most species do not reduce 
nitrate or nitrite. Chemo-organotrophic. Most environmental 
isolates grow at 5°C, all grow at 15—-30°C, and several grow up to 
37°C; clinical isolates do not grow at 5°C, but grow at 15-37°C, 
and some grow at up to 42°C. Grow readily on the usual com- 
mercial media; no growth factors are required. Most species 
also grow in media containing up to 3-5% NaCl. No growth or 
weak growth on cetrimide agar, but members of a few species 
are able to grow on MacConkey agar. Catalase- and oxidase-pos- 
itive. Several carbohydrates are oxidized. Esculin is hydrolyzed, 
but agar is not. Strong proteolytic activity occurs. Most strains 
are resistant to a wide range of antimicrobial agents. Menaqui- 
none-6 (MK-6) is the only or predominant respiratory quinone. 
Predominant cellular fatty acids are C. iso, Cj, iso 3-OH, C,,, 
iso 9c, and summed feature 4 (comprising C,., iso 2-OH and/ 
or C,,, 07c/1). Members of most species occur in soil and in 
fresh or seawater habitats. Two species and unclassified strains 
also occur in human clinical specimens and hospital environ- 
ments, but their pathogenicity to man is not well-documented. 
Two species and unclassified strains have been retrieved from 
diseased fish. Four species occur in food or dairy products; they 
may be involved in spoilage. 

DNA G+C content (mol % ): 29-39. 

Type species: Chryseobacterium gleum (Holmes, Owen, 
Steigerwalt and Brenner 1984b) Vandamme, Bernardet, Segers, 
Kersters and Holmes 1994a, 830°” (Flavobacterium gleum Holmes, 
Owen, Steigerwalt and Brenner 1984b, 23). 


17:0 


Further descriptive information 


Phylogenetic position. The genus Chryseobacterium is a member 
of the family Flavobacteriaceae, phylum Bacteroidetes. It belongs to 
the smaller of the two well-defined clades in the family compris- 
ing non-gliding, non-halophilic, and mostly non-psychrophilic 
organisms, as well as most unpigmented and several pathogenic 
members of the family (see the Family Flavobacteriaceae in this vol- 
ume of the Manual). Besides Chryseobacterium, this clade contains 
the genera Elizabethkingia, Riemerella, Bergeyella, Kaistella, Sejongia, 
Epilithonimonas, Ornithobacterium, Empedobacter, and Weeksella, as 
well as some poorly characterized organisms (Figure 40). Except 
for the three latter genera that are distinctly separate, all genera 
appear to be highly related phylogenetically and share a num- 
ber of phenotypic features. Because of this overall very high 16S 
rRNA gene sequence similarity among members of the clade, 
some branches (e.g., the Sejongia branch) occupy different posi- 
tions in published phylogenetic trees. Chryseobacterium hispanicum 
is distinctly separate from the other Chryseobacterium species. The 
two Elizabethkingia species were only recently separated from the 
genus Chryseobacterium (Kim et al., 2005b). The uncharacterized 
organisms “Haloanella gallinarum" and “Candidatus Amoebinatus 
massiliae" are located on the Kaistella branch (Figure 40); given 
their nearly identical 16S rRNA gene sequences, they may actu- 
ally belong to the same species. 

Several novel species have been described during the short 
period of time that has elapsed since the writing of the last 
review on the genus Chryseobacterium (Bernardet and Nakagawa, 
2006). At the time of writing (July 2006), the genus comprised 
18 species with validly published names; the name of one addi- 
tional species, “Chryseobacterium proteolyticum" , has not been val- 
idly published. The number of species will likely keep growing 
since many organisms phylogenetically related to members of 
the genus Chryseobacterium have already been reported from 
investigations of various environments using both culture- 
dependent and -independent methods (e.g., Dugas et al., 2001; 
O'Sullivan et al., 2002; Wery et al., 2003; Drancourt et al., 2004; 
Greub et al., 2004; Bernardet et al., 2005). 


GENUS X. CHRYSEOBACTERIUM 


0.05 


— NN 


L- 


— — 


181 


Chryseobacterium piscium, AM040439, LMG 23089 (T) 
Chryseobacterium balustinum, AY468447, ATCC 33487 (T) 


rH 


— Chryseobacterium scophthalmum, AJ271009, LMG 13028 (T) 


Chryseobacterium indoltheticum, AY468448, ATCC 27950 (T) 
Chryseobacterium soldanellicola, AY883415, KCTC 12382 (T) 
"Chryseobacterium proteolyticum", AB039830, FERM P-17664 
hryseobacterium shigense, AB193101, DSM 17126 (T) 
Chryseobacterium vrystaatense, AJ871397, LMG 22846 (T) 
Chryseobacterium joostei, AJ271010, LMG 18212 (T) 
Chryseobacterium gleum, AY468449, ATCC 35910 (T) 
Chryseobacterium indologenes, M58773, ATCC 29897 (T) 
Chryseobacterium defluvii, AJ309324, DSM 14219 (T) 


— —- "Chryseobacterium massiliae", AF531766, CIP 107752 (T) 


Chryseobacterium daecheongense, AJ457206, DSM 15235 (T) 
Chryseobacterium wanjuense, DQ256729, DSM 17724 (T) 
Chryseobacterium taiwanense, DQ318789, BCRC 17412 (T) 
Chryseobacterium formosense, AY315443, CIP 108367 (T) 


[ ——— Chryseobacterium taichungense, AJ843132, CIP 108519 (T) 


Chryseobacterium taeanense, AY883416, KCTC 12381 (T) 

"Haloanella gallinarum", AB035150, PS3 

"Candidatus Amoebinatus massiliae", AY204874, CIP 107750 (T) 

Kaistella koreensis, AF344179, KCTC 12107 (T) 

Chryseobacterium hispanicum, AM159183, JCM 13554 (T) 
Sejongia antarctica, AY553293, KCTC 12225 (T) 


— —- Sejongia jeonii, AY553294, KCTC 12226 (T) 


Bergeyella zoohelcum, M93153, ATCC 43767 (T) 
Riemerella anatipestifer, U60101, ATCC 11845 (T) 
Riemerella columbina, AF181448, LMG 11607 (T) 


Elizabethkingia meningoseptica, AY468445, ATCC 13253 (T) 


Elizabethkingia miricola, AB071953, JCM 11413 (T) 


Empedobacter brevis, AM177497, LMG 4011 (T) 
Weeksella virosa, M93152, ATCC 43766 (T) 
Ornithobacterium rhinotracheale, U87101, LMG 9086 (T) 


Flavobacterium aquatile, M62797, ATCC 11947 (T) 


FIGURE 40. Relationships between Chryseobacterium species and relatives based on 16S rRNA gene sequences. Only the type strain of each spe- 


cies was included. The sequences of “Candidatus Chryseobacterium tim 


onae” (Drancourt et al., 2004) and Epilithonimonas tenax (O'Sullivan et al., 


2006) were not included in the analysis. GenBank accession numbers are shown. Distances in the tree were calculated using 1164 positions, the 
ARB neighborjoining algorithm and a Jukes-Cantor correction. The 16S rRNA gene sequence of Flavobacterium aquatile was used as the outgroup. 


Bar = 0.05 substitutions per nucleotide position. (Courtesy T. Lilburn o 


Cell morphology. Members of the genus Chryseobacterium 
commonly appear as small, straight rods, about 0.5 pm wide 
and 1-3 um long, with rounded ends and parallel sides. Slightly 
curved rods have been reported in Chryseobacterium shigense 
(Shimomura et al., 2005) and filamentous forms have been 
observed in broth cultures of members of several species and 
in clinical specimens. Interestingly, strains of three Chryseobac- 
terium sp. consisting of ultrasmall cells (about 0.2-0.4 um wide 
and 0.4—0.7 pm long) have been retrieved recently from the 
ice core of a Greenland glacier (Miteva and Brenchley, 2005). 
They may represent intrinsically small organisms or starved, 
minute forms of normal-sized microbes resulting from extreme 
environmental conditions (low nutrient concentrations and 
subzero temperatures). Contrary to the situation in members 
of some other genera in the family lavobacteriaceae (e.g., Fla- 
vobacterium, Gelidibacter, Tenacibaculum, and Polaribacter, see the 
family Flavobacteriaceae in this volume), Chryseobacterium strains 
do not produce spherical degenerative forms in ageing liquid 
cultures. Also, in contrast to many members of the family, cells 
of Chryseobacterium species are devoid of gliding motility. 


Cell-wall composition. Table 43 presents the fatty acid com- 
position of members of the genus Chryseobacteriwun and related 


f the American Type Culture Collection.) 


genera. “Chryseobacterium proteolyticum" was not analyzed in this 
respect (Yamaguchi and Yokoe, 2000) and only the dominant 
fatty acids in Chryseobacterium shigense were specified (Shimo- 
mura et al., 2005). Although all Chryseobacterium species contain 
the same fatty acids in rather similar proportions, they can be 
differentiated from other members of the clade (e.g., Elizabeth- 
kingia, Empedobacter, Riemerella, and. Bergeyella) , which all display 
rather distinct fatty acid compositions (Bernardet et al., 2006; 
Hugo et al., 1999). Hence, as for other members of the family 
Flavobacteriaceae, the fatty acid profile is mostly a chemotaxo- 
nomic marker at the genus level (Bernardet and Nakagawa, 
2006). 


Fine structure. Since electron microscopy studies have not 
been widely performed on members of the genus, little informa- 
tion is available on the fine structure of the cells. Transmission 
electron microscopy has revealed a thick cell wall (i.e., about 
50 nm) in Chryseobacterium scophthalmum (Mudarris et al., 1994) 
and Chryseobacterium joostei (Hugo et al., 2003). The scanning 
electron microscopy studies performed on cells of * Chryseobac- 
terium proteolyticum" (Yamaguchi and Yokoe, 2000), Chryseobacte- 
rium daecheongense (Kim et al., 2005a), Chryseobacterium shigense 
(Shimomura et al., 2005), and the ultrasmall Chryseobacterium 
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GENUS X. CHRYSEOBACTERIUM 


strains retrieved from a Greenland glacier (Miteva and Brench- 
ley, 2005) have not revealed any special structure. 


Colonial or cultural characteristics. Colonies of Chryseobacte- 
rium strains are circular, convex, translucent to opaque, smooth, 
and shiny with entire edges. On commonly used agar media 
(blood, tryptic soy, R2A, and nutrient), colonies are usually 
bright-yellow-pigmented owing to the production of flexirubin- 
type pigments (Bernardet et al., 2002). The type of yellow pig- 
ments in Chryseobacterium defluvii, Chryseobacteriwm soldanellicola, 
and Chryseobacterium taeanense has not been determined, but 
they most likely belong to the flexirubin type. Colonial pigmen- 
tation of most of the recently described species (i.e., Chryseobac- 
terium defluvii, Chryseobacterium daecheongense, Chryseobacterium 
formosense, Chryseobacterium taichungense, Chryseobacterium tai- 
wanense, Chryseobacterium soldanellicola, and Chryseobacterium 
taeanense) has been described as “yellowish” or *white-yellow". 
Indeed, the production of pigment is highly dependent on 
growth temperature, the presence of daylight, and composi- 
tion of the culture medium (Bruun, 1982; Holmes et al., 1984a; 
Hugo et al., 2003). A sentence in the original description of 
the genus (Vandamme et al., 1994a) stated that non-pigmented 
strains occurred; this actually referred to the strains of Elizabe- 
thinkingia meningoseptica that have recently been removed from 
the genus Chryseobacterium (Kim et al., 2005b). When grown on 
tyrosine-containing agar, strains of Chryseobacterium balustinum, 
Chryseobacterium gleum, Chryseobacterium indoltheticum, and Chry- 
seobacterium joostei and some strains of Chryseobacterium scophthal- 
mum also produce a pinkish-brown to dark brown, diffusible 
melanic pigment (Hugo et al., 2003; Mudarris et al., 1994); J.-F. 
Bernardet, unpublished data); this trait was not investigated 
for recently described species. After prolonged incubation, 
colonies of some Chryseobacterium species (i.e., Chryseobacterium 
balustinum, Chryseobacterium daecheongense, Chryseobacteriwum. for- 
mosense, Chryseobacteriwm. joostei, Chryseobacterium | soldanellicola, 
and Chryseobacterium taeanense) display a mucoid consistency; 
this may be related to the production of extracellular slimy sub- 
stances, as reported for Chryseobacterium defluvii and Chryseobac- 
lerium formosense. Broth cultures are usually uniformly turbid. 
Chryseobacterium strains give off a strong aromatic odor. 


Nutrition and growth conditions. Chryseobacterium strains 
are not fastidious. They grow readily on common commercial 
media such as blood, tryptic soy, and nutrient agars, and the 
R2A medium of Reasoner and Geldreich (1985). Growth in cor- 
responding broths is also good. The original description of the 
genus Chryseobacterium, containing only six species at the time, 
stated that all strains grew at 30°C, and that most strains grew at 
37°C (Vandamme et al., 1994a). However, several of the novel 
species described subsequently showed psychrotolerant growth 
at 5°C: Chryseobacterium joostei (Hugo et al., 2003); Chryseobacte- 
rium vrystaatense (de Beer et al., 2005); Chryseobacterium daecheon- 
gense (Kim et al, 2005a); Chryseobacterium soldanellicola and 
Chryseobacteriwm. taeanense (Park et al., 2005); Chryseobacterium 
shigense (Shimomura et al., 2005); Chryseobacterium piscium (de 
Beer et al., 2006); Chryseobacterium hispanicum (Gallego et al., 
2006); Chryseobacterium taiwanense (Tai et al., 2006); and Chry- 
seobacteriwm wanjuense (Weon et al., 2006). A Chryseobacterium 
strain isolated from forest soil in Northern Finland was able to 
grow at 0°C and to degrade Tween 80 at 5°C (Männistö and 
Haggblom, 2006). Possible novel Chryseobacterium species have 
also been isolated from Antarctic soil using a packed-column 
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bioreactor maintained at 10°C (Wery et al., 2003). When soil 
samples from Canada were subjected to 48 freeze-thaw cycles 
in a cryocycler, the surviving fraction of the bacterial commu- 
nity displayed a considerable increase in freeze-thaw tolerance; 
among these viable bacteria, a Chryseobacterium sp. (identified 
by 16S rRNA gene sequencing) was able to inhibit ice recrystal- 
lization (a characteristic of antifreeze proteins) and the super- 
natant of its culture enhanced the freeze-thaw tolerance of an 
Enterococcus strain (Walker et al., 2006). 

Although only three of the 19 Chryseobacterium species have 
been retrieved from marine environments (i.e., Chryseobacte- 
rium indoltheticum, Chryseobacterium piscium, and. Chryseobacterium 
scophthalmum) , most other species are also halotolerant and able 
to grow in the presence of 3-5% NaCl (w/v), for instance on 
marine agar 2216E (Difco). This is even true for many strains 
of the clinical organisms Chryseobacterium gleum and Chryseobac- 
terium indologenes, which are also environmental species. Con- 
versely, strains of the three marine species are able to grow on 
NaCl-free media such as tryptic soy agar (de Beer et al., 2006; 
Mudarris et al., 1994) J.-F. Bernardet, unpublished data). 


Metabolism and metabolic pathways. These aspects have 
not been investigated extensively in members of the genus 
Chryseobacterium and little is known besides the details listed 
at the beginning of this chapter and in Table 44. Chryseobacte- 
rium strains are chemo-organotrophs with a strictly respiratory 
type of metabolism (Bernardet et al., 2002; Vandamme et al., 
1994a). The original description of Chryseobacterium scophthal- 
mum, however, stated that members of this species display both 
respiratory and fermentative metabolisms (Mudarris et al., 
1994). Holmes et al. (1984a, b) also reported that some strains 
of Chryseobacterium gleum, Chryseobacterium indologenes, and other 
strains of CDC group IIb (see below) exhibited anaerobic respi- 
ration with nitrate as the terminal electron acceptor. Fumarate 
can also be used as a terminal electron acceptor by Chryseobac- 
terium indologenes (Yabuuchi et al., 1983). These organisms are 
able to grow in the presence of 5-10% CO, (B. Bruun, unpub- 
lished data). The three above-mentioned Chryseobacterium gla- 
cier strains were isolated under anaerobic conditions (Miteva 
and Brenchley, 2005). Strains of Chryseobacterium daecheongense 
(Kim et al., 2005a) and Chryseobacterium piscium (de Beer et al., 
2006), as well as some strains of Chryseobacterium gleum and 
Chryseobacteriwm indologenes and other unnamed CDC group IIb 
strains (Bruun, 1982; Holmes et al., 1984b; Weyant et al., 1996; 
Yabuuchi et al., 1983), reduce nitrate as well as nitrite (Table 
44). Members of Chryseobacterium species show catalase, oxidase, 
phosphatase, and strong proteolytic activities. Several carbohy- 
drates are oxidized, but glycerol and trehalose are not oxidized 
by members of any species (contrary to the statement in the 
original description of the genus). Esculin is hydrolyzed, but 
not agar (Vandamme et al., 1994a). 

A few studies have been performed on the enzymic activi- 
ties of some Chryseobacterium strains that may have practical or 
industrial applications in the future. A study on the biodegrada- 
tion of the insecticide, herbicide, and disinfectant pentachloro- 
phenol (PCP), whose residues represent a health hazard, has 
shown that a Chryseobacterium gleum strain had a higher PCP 
degradation capacity than that of a Pseudomonas strain and an 
Agrobacterium radiobacter strain (Yu and Ward, 1996). Other stud- 
ies (cited by Yu and Ward, 1996) have reported degradation 
of chlorinated phenols by Chryseobacterium gleum and suggested 


TABLE 44. Differential characteristics of Chryseobacterium species and closely related taxa“ 


Ë £ % Ë g 8 3 š 
£ E š $ Š = E * E E E £ Ë 
Sp S E EI S = S S UM a B ^ Ez 
Characteristic S S S S Š g S S S S > Š Š 
Source Diseased Diseased Sediment, Activated Rhizosphere Drinking Diseased Seawater, Raw Healthy Soil Seawater, Lactic 
humans, fresh- freshwater sludge of lettuce water humans, marine cow’s marine healthy and acid 
water, water lake water, mud milk fish diseased beverage 
soil and fish soil and marine 
hospital hospital fish 
environ- environ- 
ments ments 
Production of yellow + + + +b + (+) + + + + + + + 
flexirubin-type 
pigments 
Growth on: 
Marine agar 2216 + - nd nd nd nd (+) + (+) nd nd + nd 
Cetrimide agar - - nd nd nd nd (+) - (+) - nd - nd 
MacConkey agar d + - = =- = d + + - - = = 
Growth with 3% NaCl d = nd nd nd = d + + + nd + nd 
Growth at (°C): 
5 - (+) - - - (+) _ + + + nd d + 
25 + + nd + + + + + + + nd + + 
30 + + + + + + + + + + nd nd + 
37 + - + + - - * - - - * - - 
42 d = = nd _ _ -f - - - - - - 
Degradation of: 
Esculin 4 + + + + + Hx * * * * + nd 
DNA + + nd nd nd - + + (+) + + nd 
Starch d (+) + nd nd + + - + - + - + 
Tween 80 + + + nd = = + + + d + + nd 
Tyrosine d (+) nd nd nd nd + + _ + + nd 
Urea V - = = = = vi = d + = + - 
Production of: 
Indole + + _ + + (+) + + + + + _ + 
B-Galactosidase d - - nd - - - - - nd + + nd 
L-Phenylalanine V - nd nd nd nd = d > + = d nd 
deaminase 
Precipitate on 10% + = nd nd nd nd + * + + nd + nd 
egg yolk agar 
Reduction of: 
Nitrate d V + = = * q = = + = = = 
Nitrite d = = nd nd nd d - = - - - nd 
Acid production from: 
L-Arabinose V = = = = + -< = = = + = = 
Cellobiose - + (+) - nd - - - d - - nd 
Ethanol VI * - nd nd nd < = = nd = + nd 
p-Fructose + + + nd nd + (+) _ + _ nd _ + 
D-Glucose + + _ + (+) + + + + d + - 
Glycerol d - + nd nd + (+) _ d d (+) _ _ 
Lactose = = - = nd = - - = = - = 
Maltose + = = + ES + + + + d + - = 
p-Mannitol - - - - - - - - d d (+) _ _ 
Salicin V _ - - nd nd < - - nd - - nd 
Sucrose = V = = = nd = = = = + = nd 
Trehalose + - + + + - + - + d + + - 
p-Xylose b - * = (+) + - - = nd nd = - 
Utilization of = = - = - nd * nd - nd = nd nd 
malonate 
Alkaline reaction on d - nd nd - & + V d nd nd + = 
Christensen’s 
citrate 
DNA G+C content 36-39 35 37 398 nd 34 37-39 34 36-37 34 37 33-35 37 
(mol%) 


*Symbols and abbreviations: +, 90% or more of the strains are positive; —,10% or less of the strains are positive; (+) 90% or more of the strains give a weak or delayed positive reaction; 


d, 11-89% of the strains are positive; V, varies between references; and nd, not determined. Since some of the characteristics listed were tested by several authors using different 
methods, the original publications should be consulted for direct comparison. Data from Bruun (1982), Yabuuchi et al. (1983, 1990), Holmes et al. (1984b, 1986a), Bruun and 
Ursing (1987), Ursing and Bruun (1991), Segers et al. (1993a), Mudarris et al. (1994), Vandamme et al. (1994a), Weyant et al. (1996), Vancanneyt et al. (1999), Yamaguchi and 
Yokoe (2000), Hugo et al. (2003), Kampfer et al. (2003), Li et al. (2003b), Kim et al. (2004), Bernardet et al. (2005), de Beer et al. (2005), Kim et al. (2005a, b), Shen et al. (2005), 
Shimomura et al. (2005), Yi et al. (2005b), Young et al. (2005), de Beer et al. (2006), Gallego et al. (2006), O’Sullivan et al. (2006), Park et al. (2006b), Tai et al. (2006), Weon et al. 
(2006), J.-F. Bernardet (unpublished data), and C.J. Hugo (unpublished data). 


"The type of yellow pigment in Chryseobacterium defluvii, Chryseobacterium soldanellicola, Chryseobacterium taeanense, and Kaistella koreensis has not been determined (Kämpfer et al., 2003; 


Kim et al., 2004; Park et al., 2006b). The yellow pigment produced by members of the genus Sejongia is not of the flexirubin type (Yi et al., 2005b). 


‘Strains of Elizabethkingia meningoseptica are either not pigmented or produce a weak yellow pigment (e.g., the type strain; Bruun and Ursing, 1987) that seems to belong to the 
flexirubin type (J.-F. Bernardet, unpublished data). 


n E 2 
S š E: š Ë £= š Š s = š FEES 35 3 E: E: Š 
= š 2 E & EE š ° FS š < š Š = & Bp Š g 
š š š š Š FEE ER ERE ES E E & & Ë š 
Š Š Š Š Š m š SEN A š Es es x 2 3 as 
Root of Root Soil Soil Raw Soil Diseased Condensation Oraland Respiratory Respiratory Fresh- Soil Soil Epilithon- 
sand of sand chicken humans and water, nasal cavitiestract of various tract of water covered 
dune plant dune plant meat animals, contaminated of dogs healthy and diseased stream stone ina 
water, soil commercial and cats; diseased pigeons river 
and hospital enzyme diseased bird species 
environ- humans, (except 
ments dogs, and pigeon) 
cats 
+ + + + + + d° - - E -t + + +b + 
nd nd nd nd nd nd + nd = - (+) nd + + = 
nd nd nd nd + nd (+) (+) = = = nd = = = 
= = = nd = (+) d + = = = - = = + 
+ + nd + d - d nd = = + nd + + = 
+ + - * + + - - - - - - * + + 
+ + + + + + + + + + + + + + + 
+ + + + + + + + + + + + - + + 
+ + + + - + + + + + + + - - - 
= = = + = = = = = + + d - - 
* + + + + + + + - - * * * + + 
_ _ nd nd + (+) + _ _ _ nd + + _ 
nd nd nd + = + V - + = - + + (+) 
= + nd + + nd V + = nd nd nd + + = 
nd nd nd nd _ + + _ _ _ nd (+) nd 
=r = = = + = = * + d d d = = = 
- - (+) + + - + d + d - + + + - 
nd nd (+) - nd + + + _ _ _ _ _ _ _ 
nd nd nd nd - nd (+) _ _ + + nd + + nd 
nd nd nd nd + nd d + = = = nd + + nd 
= = = = = = = = = = = d = = + 
= - nd - + nd d = - nd nd nd - < = 
= = = + nd nd = = = = = nd = = nd 
nd nd = + nd nd V = = = = nd = = nd 
nd nd nd nd nd nd d nd = = = nd nd nd nd 
_ _ nd d nd nd + + _ (+) (+) nd _ _ nd 
nd nd (+) nd nd + + + - + + _ + + _ 
= - nd - nd nd d d - <= = nd nd nd nd 
= = B - nd nd V + - - = nd - eS nd 
- - (+) nd nd _ + + _ + + nd + + nd 
= = = = nd nd + + = = = nd = = nd 
nd nd = nd nd nd = = = = = nd nd nd nd 
nd nd = = nd nd = = = = = nd = = nd 
_ _ (+) _ nd + + + _ _ _ nd _ _ nd 
_ - (+) nd nd nd V - - - - nd - - nd 
nd nd - nd nd + = = = = B nd nd nd nd 
nd nd = - nd nd d * - = = nd = = nd 
29 32 nd 37 37-38 38 36-38 35 35-37 33-35 36-37 41-42 34 36 38 


“Strains of Riemerella anatipestifer and Riemerella columbina grown on trypticase soy agar produce a diffusible, light yellow-brown non-flexirubin pigment that gives a beige color to 
the colonies (J.-F. Bernardet, unpublished data). On Columbia blood agar, colonies of Riemerella columbina are grayish-white to beige, whereas those of Riemerella anatipestifer are 
nonpigmented (Vancanneyt et al., 1999). 

‘Although its growth on marine agar has not been tested, the type strain of Elizabethkingia miricola has been shown to tolerate seawater (Li et al., 2003b). 


‘According to Holmes et al. (1984b), strains of Chryseobacterium gleum varied in acid production from arabinose and xylose, in growth at 42°C, and in urease production, and were 
negative for acid production from salicin. According to Yabuuchi et al. (1990), strains of Chryseobacterium gleum and Chryseobacterium indologenes may be distinguished by their positive 
and negative reaction, respectively, for the following tests: growth at 41°C; production of phenylalanine deaminase; acid production from L-arabinose, ethanol, salicin, and p-xylose; 
hydrolysis of esculin after 4 h (strains of both species hydrolyze esculin after 24 h); and production of urease on Christensen's urea agar slant after 40 h. According to Ursing and 
Bruun (1991), members of Chryseobacterium gleum and of one allied genomic group could be differentiated from other CDC group IIb strains by their ability to grow at 40°C and 
to produce acid from arabinose, xylose, and salicin. 


*Data from Kim et al. (2005a, b). 
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that a reductive dechlorination pathway is involved. Organo- 
phosphorus tri-esterases, involved in hydrolysis of the tri-ester 
bonds of pesticides such as diazinon and parathion, have been 
reported from a Chryseobacterium  balustinumlike organism 
(D. Siddavattam, personal communication). Other chemi- 
cal contaminants, such as aniline (Radianingtyas et al., 2003), 
and furan and phenolic compounds (López et al., 2004), have 
been degraded by a mixed culture that included a Chryseobac- 
terium indologenes strain. A novel protein-glutaminase purified 
from “Chryseobacterium proteolyticum” deamidates glutaminyl 
residues in proteins and is regarded by the authors as a promis- 
ing method of improving protein functionality in food systems 
(Yamaguchi et al., 2001). A Chryseobacterium strain has been 
shown to produce an extracellular keratinase, which may be 
used for hydrolysis of poultry feathers and depilation of bovine 
pelts (Brandelli and Riffel, 2005). Screening for strains able to 
degrade chitosan (a deacetylated derivative of chitin) yielded a 
Chryseobacterium strain whose 16S rRNA gene sequence shared 
more than 97% similarity with that of Chryseobacterium taichun- 
gense (Yu and Ward, 1996). Its chitosanase was highly similar to 
the ChoA chitosanase of the betaproteobacterium Mitsuaria chi- 
tosanitabida. Oligosaccharides produced by enzymic hydrolysis 
of chitosan have many industrial applications. Other potentially 
useful enzymes discovered in Chryseobacterium strains include an 
endopeptidase that cleaves human plasminogen (Lijnen et al., 
2000) and various cold-active proteases (Morita et al., 1997). 
Conversely, enzymes produced by some Chryseobacterium strains 
may have a negative impact; for instance, heat-stable metallo- 
proteases may play a role in the spoilage of milk and milk prod- 
ucts (Venter et al., 1999). 


Genetics. The use of 165 rRNA gene sequencing and DNA- 
DNA hybridization in the delineation of the genus Chryseobacte- 
rium and of Chryseobacterium species has been reviewed recently 
(Bernardet et al., 2006). Importantly, levels of 16S rRNA gene 
sequence similarity may be very high (i.e., 98-99%) between 
Chryseobacterium species (de Beer et al., 2006; Li et al., 2003b). 
Consequently, DNA-DNA hybridization studies, or possibly 
sequencing of a number of household genes (Kuhnert and 
Korczak, 2006), are necessary even when two strains share high 
levels of sequence similarity. The DNA G+C contents of members 
of the genus were considered to be in the range 33-39 mol% 
(Bernardet et al., 2006) until lower values were reported for the 
novel species Chryseobacterium taeanense (32.1 mol%) and Chry- 
seobacterium soldanellicola (28.8 mol%) (Park et al., 2006b). The 
usefulness of randomly amplified polymorphic DNA (RAPD) 
typing has been evaluated recently on a collection of Chryseobac- 
terium fish isolates. The clusters of strains delineated by this 
technique matched some of the clusters yielded by SDS-PAGE 
analysis of whole-cell protein profiles, although RAPD analysis 
differentiated strains within other SDS-PAGE clusters (Bernar- 
det et al., 2005). 


Antibiotic sensitivity. Most studies on the antibiotic sensi- 
tivity of Chryseobacterium strains have naturally enough focused 
on [Chryseobacterium] meningosepticum (now  Elizabethkingia 
meningoseptica) strains because of this species’ pathogenic- 
ity to humans. In some recent studies (Fraser and Jorgensen, 
1997; Hsueh et al., 1997), results of Chryseobacterium strains 
have been pooled with those of Elizabethkingia meningoseptica 
strains, whereas, in other studies, results are given separately 
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for strains of Chryseobacterium indologenes, Chryseobacterium gleum, 
and unnamed members of CDC group IIb (see below) (Chang 
et al., 1997; Kirby et al., 2004; Spangler et al., 1996). Based on 
these studies, itappears that these taxa, like Elizabethkingia menin- 
goseptica, are naturally resistant to polymyxins, aminoglycosides 
(gentamicin, streptomycin, kanamycin), chloramphenicol, and 
most B-lactams (penicillins, cephalosporins, carbapenems). 

Chryseobacterium indologenes and Chryseobacterium gleum have, 
like Elizabethkingia meningoseptica, been found to produce car- 
bapenem-hydrolyzing B-lactamases (Bellais et al., 1999, 2000a, 
b, 2002b), which means that they are resistant to extended- 
spectrum cephalosporins and carbapenems, but not necessarily 
to ureidopenicillins, i.e., piperacillin. An extended-spectrum 
B-lactamase has also been described in a strain of Chryseobacte- 
rium gleum (Bellais et al., 2002c). Members of Chryseobacterium 
species have been found, for the most part, to be resistant to 
tetracyclines, erythromycin, and linezolid, whereas they display 
intermediate sensitivity or resistance to clindamycin and van- 
comycin. Sensitivity to trimethoprim-sulfamethoxazole also var- 
ies, some strains being sensitive. The most active antibiotics are 
rifampicin and the newer quinolones (gatifloxacin, levofloxa- 
cin, sparfloxacin) (Fraser and Jorgensen, 1997; Kirby et al., 
2004; Spangler et al., 1996). 

A constitutive resistance to ampicillin, polymyxin B, chloram- 
phenicol, and oxytetracycline was also found in fish-pathogenic 
Chryseobacterium strains; the antibiotic treatment of diseased fish 
was successful only when oxolonic acid or sulfamethoxazole- 
trimethoprim were used (Michel et al., 2005). The 50 Chryseobac- 
terium scophthalmum isolates tested in vitro were all resistant to 
tetracyclines, amidoglycosides, lincomycin, oleandomycin, pen- 
icillin, and sulfadiazine, but susceptible to chloramphenicol, 
sulfamethoxazole-trimethoprim, furazolidone, fusidic acid, and 
novobiocin. Infection caused by Chryseobacterium scophthalmum 
in turbot (Scophthalmus maximus) was successfully controlled by 
furazolidone administered by injection or bath (Mudarris and 
Austin, 1989). 


Pathogenicity. Among past and present Chryseobacterium 
species, [ Chryseobacterium] meningosepticum is by far the most 
important from a clinical point of view. This species, now reclas- 
sified as Elizabethkingia meningoseptica, has joined. [ Chryseobacte- 
rium] miricola in the genus Elizabethkingia (Kim et al., 2005b) 
and is described elsewhere in this volume. 

The pathogenicity for man is less well-documented for the 
two Chryseobacterium species of clinical interest, Chryseobacte- 
rium indologenes and Chryseobacterium gleum, taxa which were 
grouped previously, together with allied strains, as CDC group 
IIb (King, 1959) or Flavobacterium species group IIb (Holmes, 
1992). However, there are approximately 35 cases of bacter- 
emia caused by Chryseobacterium indologenes/ group IIb reported 
in the literature and most of these cases are described in three 
published series (Hsueh et al., 1996b, c; Stamm et al., 1975). 
Bacteremias have been associated with indwelling devices, 
such as arterial and central venous catheters, endotracheal 
tubes, and drains, in seriously immunocompromised patients, 
who often have been placed under intensive care. The exact 
contribution of group IIb strains to the infections has been 
difficult to determine due to the often polymicrobial nature of 
the infections and to the severe underlying conditions in the 
patients. In some of the intubated patients with bacteremia, 
the same group IIb strain has also been isolated from lower 
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tract specimens and the clinical diagnosis has been ventilator- 
associated pneumonia (Hsueh et al., 1996b; Stamm et al., 
1975). There are also sporadic case reports of infections in the 
literature, including bacteremias (Akay et al., 2006; Lin et al., 
2003; Nulens et al., 2001; Siegman-Igra et al., 1987), a case of 
meningitis following surgery and irrigation with tap water of 
a paranasal sinus (Bagley et al., 1976), urinary tract infections 
associated with nephrostomy drainage or urinary catheters, 
pyomyositis in intravenous drug abusers, and infected burn 
wounds (Hsueh et al., 1996a—c, 1997). 

No infections seem definitely to have been ascribed to Chry- 
seobacterium gleum during the past 20 years, which may be due to 
the fact that automatic identification systems dominating the 
market do not include this species in their databases. Prior to 
the extensive use of these systems, the bacterium had mainly 
been isolated from the vagina, but strains have also been 
found on catheters and in various body fluids (Holmes et al., 
1984b). 

Although not yet formally described, the two possible novel 
species “ Chryseobacterium massiliae’ and “Candidatus Chryseobac- 
terium timonae" have been isolated from a human nasal swab 
and from blood, respectively (Drancourt et al., 2004; Greub 
et al., 2004); however, their pathogenicity to man is doubtful. 

Members of some Chryseobacterium species have been associ- 
ated with diseases in various animal species and their significance 
in veterinary medicine has been reviewed recently (Bernardet 
et al., 2006). The only bona fide Chryseobacterium balustinum strain 
currently available in culture collections was isolated from a dis- 
eased freshwater fish (Brisou et al., 1959); since no other cases 
have been reported since, it most likely acted as an opportunis- 
tic pathogen. Extensive investigations of cases of gill hyperplasia 
and hemorrhagic septicemia in turbot led to the description of 
Chryseobacterium scophthalmum (Bernardet et al., 2006; Mudarris 
and Austin, 1989; Mudarris et al., 1994). Because strains were 
also retrieved from healthy turbot and seawater and since no 
other cases have been reported since the original study, this spe- 
cies is also most likely an opportunistic pathogen. A collection 
of Chryseobacteriwm strains isolated from a variety of fish species 
and geographical areas was recently subjected to a polyphasic 
taxonomic study. Although all isolates originated from exter- 
nal lesions or internal organs of diseased fish, their virulence 
was not assessed experimentally. None of the isolates belonged 
to Chryseobacterium balustinum or Chryseobacterium scophthalmum, 
but two of them were attributed to Chryseobacterium joostei; other 
strains, grouped in three clusters, likely constitute the core of 
novel Chryseobacterium species (Bernardet et al., 2005). Finally, 
diseased leopard frogs ( Rana pipiens) reared in laboratory facili- 
ties have been found to harbor Chryseobacterium indologeneslike 
strains (Olson et al., 1992). 


Ecology.  Chryseobacterium species have been isolated from 
a variety of environments, as reviewed recently by Bernardet 
et al. (2006). The presence of members of the family Flavobac- 
leriaceae in various complex bacterial communities has been 
revealed by studies using culture-independent techniques, but 
only a few of them specifically mention Chryseobacterium strains 
(Gich et al., 2005; Green et al., 2006; Mànnistó and Haggblom, 
2006; O'Sullivan et al., 2002). Even when bacterial strains were 
actually isolated, they were seldom studied in detail; the vague 
denomination “Flavobacterium sp." used by many authors may 
also very likely cover Chryseobacterium strains. 
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Environmental Chryseobacterium species have been isolated 
from: freshwater and lake sediments (Gich et al., 2005; Hayes, 
1977; Kim et al., 2005a; Leff et al., 1998; Tatum et al., 1974); 
the rhizosphere of various plants (Domenech et al., 2006; Park 
et al., 2006b; Young et al., 2005); soil from temperate (Hayes, 
1977; Shen et al., 2005; Tai et al., 2006; Tatum et al., 1974; Weon 
et al., 2006; Yamaguchi and Yokoe, 2000), tropical (Radian- 
ingtyas et al., 2003), and polar (Mannist6 and Haggblom, 2006; 
Walker et al., 2006; Wery et al., 2003) regions; glacier ice (Miteva 
and Brenchley, 2005); and drinking water (Gallego et al., 2006; 
Pavlov et al., 2004; Ultee et al., 2004). 

The significance of Chryseobacteriumin these habitats has only 
been investigated in a few instances. Chryseobacterium spp. have 
been reported from composted materials, soil environments, 
and plant surfaces (Green et al., 2006 and references therein). 
They were shown to form the largest group after Pseudomonas sp. 
among the culturable bacterial communities of the plant rhizo- 
sphere (McSpadden Gardener and Weller, 2001; Park et al., 
2005), to colonize seed surfaces, and to be among the most per- 
sistent bacteria in root samples (Green et al., 2006). Some Chry- 
seobacterium species have been investigated for their ability to 
adhere to plant roots and to inhibit plant pathogens (Albareda 
et al., 2006). For instance, Chryseobacterium soldanellicola, one 
of the novel bacterial species described from the rhizosphere 
of sand-dune plants, inhibited growth of the plant-pathogenic 
fungus Fusarium oxysporum (Park et al., 2006b). A similar result 
was obtained with a Chryseobacterium strain tentatively identified 
as Chryseobacterium balustinum isolated from the rhizosphere of 
lupins (Lupinus albus); this strain, alone or in combination with 
other bacterial strains, also displayed a growth-promoting effect 
on pepper and tomato plants (Domenech et al., 2006). Con- 
versely, although the number of Chryseobacterium strains in the 
rhizosphere of wheat increased significantly during the course 
of a fungal disease, they were unable to inhibit the fungus (McS- 
padden Gardener and Weller, 2001). 

Chryseobacteriwum species are also present in freshwater and 
marine environments (Campbell and Williams, 1951; de Beer 
et al., 2006; Engelbrecht et al., 1996a, b; Gallego et al., 2006; 
Gennari and Cozzolino, 1989; González et al., 2000; Harrison, 
1929; Mudarris and Austin, 1989; Mudarris et al., 1994). Some 
of these bacteria may be agents of fish diseases (Bernardet 
et al., 2005; Mudarris and Austin, 1989; Mudarris et al., 1994) 
(see above). Chryseobacterium strains have also been reported 
from the epibiotic bacterial community of freshwater micro- 
crustaceans (Niswati et al., 2005), from the gut of various insect 
species, and from the endosymbiotic microflora of amoebae 
(Bernardet et al., 2006 and references therein). 

Industrial environments such as activated sewage sludge 
(Kämpfer et al., 2003) and paper mill slimes (Oppong et al., 
2003) also harbor Chryseobacterium strains. Any relationship 
between Chryseobacterium taichungense and the tar that contami- 
nated the soil from which it was isolated was not investigated 
(Shen et al., 2005). 

Chryseobacterium species are frequently isolated from food 
environments. These sources include the dairy environment, 
such as fresh cow milk in South Africa (Hugo et al., 2003; 
Jooste, 1985; Jooste et al., 1985, 1986; Welthagen and Jooste, 
1992) and a lactic acid beverage in Japan (Shimomura et al., 
2005). They have also been isolated from meat and poultry 
products (García-López et al., 1998; Hayes, 1977). An extensive 
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study of Chryseobacterium strains retrieved from chicken por- 
tions in a poultry abattoir in South Africa (de Beer, 2005) led 
to the description of Chryseobacterium vrystaatense (de Beer et al., 
2005). Chryseobacterium strains also occur on the surface or in 
the gut of apparently healthy marine and freshwater fish (de 
Beer et al., 2006; Gennari and Cozzolino, 1989; Gonzalez et al., 
2000; Lijnen et al., 2000; Morita et al., 1997); J.-F. Bernardet, 
unpublished data). The role of these bacteria in food is still 
unclear, but some studies indicate a role in the spoilage of milk 
and milk products because of the presence of metalloproteases 
(Venter et al., 1999). Chryseobacterium shigense, however, has 
been considered as a part of the normal bacterial community 
in the lactic acid beverage from which it was isolated (Shimo- 
mura et al., 2005). Chryseobacterium strains retrieved from fish 
may also be involved with spoilage (Engelbrecht et al., 1996a, b; 
Gennari and Cozzolino, 1989; Harrison, 1929), as suggested by 
the production of urea and phenylalanine deaminase by Chry- 
seobacterium piscium (de Beer et al., 2006). 

Members of CDC group IIb, including Chryseobacterium 
indologenes and Chryseobacterium gleum, are also found widely in 
soil and water. Investigations on the microflora of sink drains 
revealed the presence of several Chryseobacterium strains (as well 
as strains of the closely related species “Haloanella gallinarum”, 
see Figure 40) (Bruun et al., 1989; McBain et al., 2003). Because 
of their natural habitat in water, Chryseobacterium strains are 
also found in the hospital environment and consequently on 
patients’ inner and outer body surfaces, where they can colonize 
indwelling devices, e.g., endotracheal tubes and intravascular 
catheters. From here, they can spread and occasionally cause 
bacteremia, having the potential to colonize other indwelling 
devices. However, Chryseobacterium strains are not part of the 
normal flora of humans. Chryseobacterium and allied unnamed 
bacteria are the most frequently isolated flavobacteria in the 
clinical microbiology laboratory (Holmes and Owen, 1981). 


Enrichment and isolation procedures 


Chryseobacterium species are not difficult to isolate and cultivate; 
they usually do not require enrichment or selective isolation 
procedures and they grow in ambient air (Bernardet et al., 
1996). The isolation and preservation media used for Chry- 
seobacterium species have been discussed in detail by Jooste and 
Hugo (1999), Hugo and Jooste (2003), and Bernardet et al. 
(2006). 

Cultivation of environmental Chryseobacterium strains is usu- 
ally done on nutrient, tryptic soy, or brain-heart infusion (BHI) 
agars (Kim et al., 2005a; Shen et al., 2005; Tai et al., 2006; Young 
et al., 2005), but Luria-Bertani and plate count agars have 
also been used (Gallego et al., 2006; Tai et al., 2006). Another 
medium that has also been used for isolation of these bacteria 
is R2A agar (Gallego et al., 2006; Kampfer et al., 2003; Miteva 
and Brenchley, 2005; Park et al., 2005; Weon et al., 2006). A 
new cultivation approach using a microdispenser and micro- 
titer plates and resulting in highly enriched or pure cultures 
recently enabled several members of the phylum Bacteroidetes, 
including a Chryseobacterium strain, to be isolated from the water 
of German lakes (Gich et al., 2005). 

Strains of some environmental Chryseobacterium species have 
been isolated initially by using enrichment media in screening 
studies aimed at isolating bacteria exhibiting special metabolic 
activities. For instance, the two original strains of Chryseobacteriwum 
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indoltheticum were isolated on a chitin-containing enrich- 
ment medium during a search for chitin-decomposing micro- 
organisms in samples of marine mud (Campbell and Williams, 
1951). Subsequently, this species was shown to grow well on 
media devoid of chitin. “Chryseobacterium proteolyticum” was iso- 
lated from soil samples during a search for protein-deaminat- 
ing bacteria by using an enrichment medium containing 0.1% 
carboxybenzoxy-Gln-Gly (Yamaguchi and Yokoe, 2000). Chry- 
seobacterium defluvii was isolated using a selective enrichment 
medium for a phosphorus-removing mixed bacterial culture 
from activated sludge; it was subsequently cultivated on R2A 
and nutrient agars (Kämpfer et al., 2003). Chryseobacterium for- 
mosense was retrieved during a screening of rhizobacteria for 
proteolytic activity on skimmed milk agar and subcultivated on 
BHI agar (Young et al., 2005). By successive rounds of filtration 
(pore size 0.2 um) and recultivation at 5°C, a number of ultras- 
mall psychrophiles was isolated from the deep core of a Green- 
land glacier and three of them were attributed to the genus 
Chryseobacterium by 16S rRNA gene sequence analysis (Miteva 
and Brenchley, 2005). 

Chryseobacterium strains from freshwater fish are best isolated 
on tryptic soy or nutrient agars (Bernardet et al., 2005; Michel 
et al., 2005). For the isolation of Chryseobacterium species from 
marine fish, BHI, glucose-yeast extract, marine 2216E, or nutri- 
ent agars may be used (de Beer et al., 2006). Other isolation 
media include proteose (2%) medium and plate count agar 
containing 0.5% NaCl (Chryseobacterium balustinum; Harrison, 
1929; Holmes et al., 1984a; Engelbrecht et al., 1996a, b). Chry- 
seobacterium scophthalmum was isolated initially from diseased 
turbot on medium K (0.1% yeast extract, 0.5% beef extract, 
0.6% casein, 0.2% tryptone, 0.1% CaCl,, 1.5% agar, and 750 ml 
aged seawater per liter, pH 7.2) (Mudarris and Austin, 1989; 
Mudarris et al., 1994); it also grows well on marine 2216E, nutri- 
ent, and tryptic soy agars. 

Nutrient agar (Shimomura et al., 2005) and plate count agar 
(Jooste, 1985; Jooste et al., 1985, 1986; Welthagen and Jooste, 
1992) are the preferred isolation media for food-associated 
Chryseobacterium species. Examples are Chryseobacterium shigense 
(Shimomura et al., 2005), Chryseobacterium joostei (Hugo et al., 
2003), and Chryseobacterium vrystaatense (de Beer et al., 2005). 
Incubation is at 25-30°C for 48-96 h; however, Chryseobacterium 
vrystaatense was first incubated at 4°C for 24 h and then at 25°C 
for 48 h in order to slow the strong growth of pseudomonads 
and give the Chryseobacterium strains an opportunity to compete 
(de Beer, 2005). 

Isolation of Chryseobacterium species from clinical specimens 
is done on blood, nutrient, or heart infusion agars (Bruun, 
1982; Holmes et al., 1984b; Yabuuchi et al., 1983). An amoebal 
co-culture was used to recover a novel, as yet undescribed Chry- 
seobacterium species from polymicrobial human nasal swabs; the 
novel species, * Chryseobacterium massiliae’, was among the few 
amoeba-resistant bacteria in the swabs (Drancourt et al., 2004; 
Greub et al., 2004). 


Maintenance procedures 


The preservation media used for Chryseobacterium species have 
been discussed in detail by Jooste and Hugo (1999), Hugo and 
Jooste (2003), and Bernardet et al. (2006). 

For short-term preservation of Chryseobacterium species, nutri- 
ent agar slants in metal screw-capped bijou bottles stored at 
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4°C were used for “Chryseobacterium proteolyticum" (Yamaguchi 
and Yokoe, 2000) and Chryseobacterium taichungense (Shen et al., 
2005). BHI agar was used in the same way for Chryseobacterium 
formosense (Young et al., 2005). Cultures of Chryseobacterium 
scophthalmum were maintained on slopes of medium K (see 
above) at 4°C with transfer every 6-8 weeks (Mudarris and Aus- 
tin, 1989). 

For longer-term preservation, Chryseobacterium strains may 
be freeze-dried on filter paper discs (AA discs) and stored in 
screw-capped Wassermann tubes at -20°C (e.g., Chryseobacterium 
joostei; Hugo etal., 2003). Preservation at -80°C may employ BHI 
broth with 20% (v/v) glycerol (Brandelli and Riffel, 2005; Park 
et al., 2006b) or CAS broth (1% casitone, 0.1% MgSO,-7H,O, 
pH 6.8 unadjusted; Reichenbach, 1989b), ox broth, or tryptic 
soy broth with 10% (v/v) glycerol (Tai et al., 2006; J.-F. Bernar- 
det, unpublished data; B. Bruun, unpublished data). 

The preferred long-term preservation method is, however, 
lyophilization [Mudarris and Austin, 1989; Bernardet et al., 
2002, 2006; Tai et aL, 2006; BCCM-LMG Bacteria Collection 
(http://bccm.belspo.be/lmg.htm); American Type Culture 
Collection (http:/ /www.atcc.org/) ]. 


Procedures for testing special characters 


A number of phenotypic features are of special importance 
for differentiation between Chryseobacterium species (Tables 43 
and 44) and related genera in the family Flavobacteriaceae (see 
below). The performance of these phenotypic tests requires 
some experience and the conditions under which they are per- 
formed are critical for reliability and reproducibility; these con- 
ditions have been extensively specified previously (Bernardet 
et al., 2006; Bernardet and Nakagawa, 2002, 2006). 


Differentiation of the genus Chryseobacterium 
from closely related taxa 


The characteristics differentiating members of the genus Chry- 
seobacteriwum from those of the most closely related taxa (i.e., Eliz- 
abethkingia, Epilithonimonas, Bergeyella, Riemerella, Kaistella, and 
Sejongia) are listed in Tables 43 and 44. They include the pro- 
duction of flexirubin-type pigments, growth on various media 
and at different temperatures, DNA G+C content, a number 
of biochemical traits, and fatty acid composition. In addition, 
members of the genus Riemerella have a distinctly capnophilic 
metabolism (Segers et al, 1993a; Vancanneyt et al., 1999). 
Some additional features have been proposed by Laffineur et al. 
(2002); all Chryseobacterium indologenes, Elizabethkingia meningosep- 
tica, and Empedobacter brevis strains studied shared the same char- 
acteristics, but Chryseobacterium indologenes strains differ from 
Bergeyella zoohelcum and Weeksella virosa strains by the production 
of pyrrolidonyl arylamidase and resistance to desferrioxamine 
and colistin. The features differentiating Chryseobacterium from 
other, more distant, members of the family Flavobacteriaceae are 
listed in Table 23 of the family Flavobacteriaceae in this volume. 
In addition to the above-mentioned features, they include cell 
morphology, the absence of gliding motility, halotolerance, 
and respiratory metabolism. Features that should be included 
in the description of novel Chryseobacterium species have been 
specified in the minimal standards for describing new taxa in 
the family Flavobacteriaceae (Bernardet et al., 2002). The use of 
commercial identification galleries and strips as well as the rel- 
evance of fatty acid and whole-cell protein profiles, respiratory 
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quinones, polyamines, and polar lipids for the differentiation 
between Chryseobaclerium species and from related taxa have 
been discussed recently (Bernardet et al., 2006). In an ongo- 
ing study of food spoilage caused by Chryseobacterium strains, 
Biolog GN2 MicroPlates yielded differentiating profiles for the 
type strains of the seven Chryseobacterium and two Elizabethkingia 
species tested (C.J. Hugo, personal communication). 


Taxonomic comments 


The genus Chryseobacterium was proposed in 1994 to accom- 
modate six bacterial species previously included in the genus 
Flavobacterium, but which had been clearly separated from the 
type species of the genus, /Tavobacterium aquatile, as a result of 
an extensive polyphasic study (Vandamme et al., 1994a). These 
six original Chryseobacterium species were Chryseobacterium bal- 
ustinum, Chryseobacterium gleum, | Chryseobacterium | indologenes, 
Chryseobacterium indoltheticum, Chryseobacterium meningosepticum, 
and Chryseobacterium scophthalmum. Although Chryseobacterium 
balustinum and Chryseobacterium indoltheticum were the two old- 
est species (described in 1929 and 1951, respectively), they 
were not chosen as the type species of the new genus since 
they were rather poorly characterized and they were each rep- 
resented by a single strain. The human pathogen Chryseobac- 
terium meningosepticum was also not selected, although it had 
been most extensively studied and many strains were available. 
This was because 16S rRNA studies had already shown that it 
occupied a rather separate position compared to the five other 
Chryseobacterium species. Chryseobacterium gleum was chosen as 
the type species since an extensive genomic and phenotypic 
study had shown that the 12 strains available were rather homo- 
geneous (Holmes et al., 1984b), contrary to the Chryseobacte- 
rium indologenes strains (Yabuuchi et al., 1983). Novel species 
progressively joined the genus; conversely, Chryseobacterium 
meningosepticum and Chryseobacterium miricola (Li et al., 2003b) 
were subsequently moved to a new genus, Elizabethkingia (Kim 
et al., 2005b). 

A rather confusing issue concerns the group of strains ini- 
tially named “Flavobacterium CDC group IIb" by King (1959). 
The descriptions of Chryseobacterium indologenes and. Chryseobacte- 
rium gleum were based on some of its members, but since many 
CDC group IIb strains still cannot be assigned to any named 
species, it was proposed to continue referring to them as “Chry- 
seobacterium sp. CDC group IIb" (Bernardet et al., 2006; Ursing 
and Bruun, 1991). 

There are, at the present time, a few other taxonomic or 
nomenclatural problems in the genus Chryseobacterium. “ Chry- 
seobacterium proteolyticum", although well characterized (Yama- 
guchi and Yokoe, 2000), was not published in the International 
Journal of Systematic and Evolutionary Microbiology or included 
in a validation list in this journal; hence, its name is not valid. 
“Chryseobacterium massiliae’ has not been described formally and 
“Candidatus Chryseobacterium timonae" is only known through 
its 16S rRNA gene sequence (Drancourt et al., 2004; Greub 
et al., 2004). 

Taxonomic and nomenclatural issues in the genus Chryseobac- 
terium are dealt with by the Subcommittee on the Taxonomy of 
Flavobacterium and Cytophagalike Bacteria of the International 
Committee on Systematics of Prokaryotes. The subcommittee 
has issued the above-mentioned minimal standards (Bernardet 
et al., 2002). 
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Attention might be drawn to the fact that of the 18 Chryseobac- 
terium species with validly published names, 11 (Chryseobacte- 
rium balustinum, Chryseobacterium daecheongense, Chryseobacterium 
defluvii, Chryseobacterium formosense,  Chryseobacteriwm hispani- 
cum, Chryseobacterium shigense, Chryseobactert'um | soldanellicola, 
Chryseobactert'um taeanense, Chryseobactertum taichungense, Chry- 
seobacterium taiwanense, and Chryseobacterium wanjuense) have 
been described on the basis of only one isolated strain and 
that descriptions of all these species, except Chryseobacterium 
balustinum, were published from 2003 to 2006. In this regard, 
it should be noted that a proposal was made in 2001 for not 
publishing species consisting of less than five strains or species 
for which easily performed phenotypic tests for differentiation 
from other species in the same genus were not available (Chris- 
tensen et al., 2001). Tests that differentiate Chryseobacterium spe- 
cies are often sparse, as seen in Table 44. Bearing in mind the 
facts that different studies employ different variations of tests 
and media bearing the same name and that a certain level of 
phenotypic variation is to be expected within a species, this 
underscores the need for a polyphasic study of a large number 
of Chryseobacterium strains including all species using the same 
defined methods for all strains. 

Editorial note: The following novel species have been added 
to the genus Chryseobacterium after this chapter was completed 
and their names have been validly published in the International 
Journal of Systematic and Evolutionary Microbiology: Chryseobacterium 
caeni (Quan et al., 2007; this paper includes the detailed fatty 
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acid composition of Chryseobacterium shigense); Chryseobacterium 
daeguense (Yoon et al., 2007b); Chryseobacterium flavum (Zhou 
et al., 2007); Chryseobacterium luteum (Behrendt et al., 2007); 
Chryseobacterium haifense (Hantsis-Zacharov and Halpern, 2007); 
Chryseobacterium hominis (Vaneechoutte et al., 2007); Chryseobac- 
terium ureilyticum, | Chryseobacterium gambrini, Chryseobacterium 
pallidum, and Chryseobacterium molle (Herzog et al., 2008); Chry- 
seobacterium arothri (Campbell et al., 2008); and Chryseobacterium 
soli and Chryseobacterium jejuense (Weon et al., 2008). 
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Further reading 


Website of the International Committee on Systematics of 
Prokaryotes (ICSP) Subcommittee on the Taxonomy of Fla- 
vobacterium and Cytophaga-like Bacteria (http://www.the-icsp. 
org/subcoms/Flavobacterium_Cytophaga.htm). 


Differentiation of species of the genus Chryseobacterium 


Characteristics that differentiate the various species of the 
genus are listed in Table 44. 


List of species of the genus Chryseobacterium 


1. Chryseobacterium gleum (Holmes, Owen, Steigerwalt and 
Brenner 1984b) Vandamme, Bernardet, Segers, Kersters 
and Holmes 1994a, 830%? (Flavobacterium gleum Holmes, 
Owen, Steigerwalt and Brenner 1984b, 23) 


gle'um. Gr. neut. adj. gloion slippery, sticky; N.L. neut. adj. 
gleum (sic) sticky. 

Rods, approximately 0.5 pm in diameter with varying 
lengths, 1.0-3.0 um. Filaments are common. Good growth 
occurs on tryptic soy and nutrient agars. Colonies on nutri- 
ent agar at 35°C are circular, entire and smooth, bright- 
yellow-pigmented, and up to 2 mm in diameter, becoming 
mucoid after incubation for 5 d. Cultures have a strong 
aromatic odor. There is no hemolysis on blood agar. Nitrate 
reduction and anaerobic growth in the presence of nitrate 
have been reported for some Chryseobacterium gleum strains 
(Holmes et al., 1984b). A dark brown pigment is produced 
on tyrosine agar. Tween 20 is hydrolyzed. Growth occurs 
on B-hydroxybutyrate, but lipid inclusion granules are not 
formed. Gelatin, casein, and tributyrin are hydrolyzed. 
Arginine dihydrolase, and lysine and ornithine decarboxy- 
lases are not produced. 3-Ketolactose is not produced. In 
addition to the data listed in Table 44, acid is not produced 
from adonitol, dulcitol, inositol, raffinose, rhamnose, or 
sorbitol. H,S production is negative when tested using the 
triple-sugar iron test and positive when the lead acetate 
test is used. The list of substrates hydrolyzed in API ZYM 
galleries is given in the original species description. Other 
characteristics are as given in the genus description and 


in Tables 43 and 44. The description of Chryseobacterium 
gleum was based on the thorough study of a homogeneous 
group of 12 CDC group IIb strains (Holmes et al., 1984b); 
however, phenotypic differentiation of Chryseobacterium 
indologenes, Chryseobacterium gleum, and allied members of 
CDC group IIb is problematic. As acid production from 
the differentiating carbohydrates (arabinose, xylose, and 
salicin) is weak and dependent on the type of carbohy- 
drate medium used, the most reliable differentiating test 
for Chryseobacterium gleum is probably its ability to grow at 
40°C. This characteristic is only shared with a few allied 
group IIb strains and not with the type and other strains of 
Chryseobacterium indologenes, according to Ursing and Bruun 
(1991). This test is, however, not widely used and not appli- 
cable in modern automated identification systems. These 
systems do not contain Chryseobacterium gleum in their data- 
bases with the result that strains of Chryseobacterium gleum 
and other group IIb strains are identified as Chryseobacte- 
rium indologenes. Consequently, only publications of infec- 
tions with Chryseobacterium indologenes appear in recent 
medical literature. Ironically, this means that the original 
intention of the proposal by Yabuuchi et al. (1983), i.e., for 
Chryseobacterium indologenes to encompass all CDC group 
IIb strains, is now what is taking place. 

Source: ubiquitous in soil and water and, therefore, the 
hospital environment. Not a member of normal human 
flora, but occasionally found in clinical specimens due to its 
occurrence in hospital water. Isolated mainly from vaginal 
specimens, but also from body fluids. 
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DNA G+C content (mol%): 36.6-39.0 (type strain: 
37.0-38.0) (T) (Holmes et al., 1984b; Hugo et al., 1999). 

Type strain: Owen F93, Holmes CL 4/79, ATCC 35910, 
CCUG 14555, NCTC 11432, LMG 8334, LMG 12447, 
CIP 103039, IFO (now NBRC) 15054, JCM 2410, NCIMB 
13462. 

Sequence accession nos (16S rRNA gene): M58772, 
AY468449. 

Reference strains: 11 other strains are included in the spe- 
cies description (Holmes et al., 1984b). 


. Chryseobacterium balustinum (Harrison 1929) Vandamme, 
Bernardet, Segers, Kersters and Holmes 1994a, 830% [Em- 
pedobacter balustinum (Harrison 1929) Brisou, Tysset and 
Vacher 1959, 690; Flavobacterium balustinum Harrison 1929, 
233] 


ba.lus.ti'num. Etymology uncertain but possibly derived 
from L. n. balux gold sand or gold dust, probably in refer- 
ence to the bright yellow color (Holmes et al., 1984a). 


Rods, 0.5-0.7 pm in diameter and up to 3.5 pm in 
length; filaments (10-20 pm) occur. Colonies on tryptic soy 
and nutrient agars at 25—30*C are circular, convex, entire, 
smooth, 2 mm in diameter, and brightyellow-pigmented. 
The consistency, originally butyrous, becomes mucoid after 
2-3 d. There is no hemolysis on blood agar. A brownish pink 
pigment is produced on tyrosine agar. Other characteristics 
are as given in the genus description and in Tables 43 and 
44. No strain dating back to the original description has 
been preserved; hence, the only authentic strain available in 
culture collections is the one isolated from the blood of a 
diseased freshwater fish (dace, Leuciscus leuciscus) in France 
(Brisou et al., 1959). Harrison (1929) first isolated the bac- 
terium from the scales of halibut (Hippoglossus hippoglossus) 
caught in the Pacific Ocean. Brisou et al. (1959) considered 
their own isolate as a freshwater variant of [Flavobacterium] 
balustinum, renamed it “Empedobacter balustinum’, and dem- 
onstrated that it was able to kill various fish species when 
injected intraperitoneally, but not rats or mice. It is actually 
not certain whether Brisou’s strain indeed belongs to the 
same species as the strain described by Harrison. Samples of 
intestinal content, skin, and muscle from healthy freshwater 
fish have recently yielded bacterial isolates phenotypically 
similar to Chryseobacterium balustinum (Gonzalez et al., 2000; 
Morita et al., 1997), but they have not been definitely iden- 
tified and their significance has not been elucidated. Poly- 
phasic studies of collections of fish or dairy Chryseobacterium 
isolates have failed to identify novel Chryseobacterium balusti- 
num strains (Bernardet et al., 2005; Hugo et al., 1999). 

Source: fish. 

DNA G+C content (mol96): 33 (Holmes et al., 1984a, b), 
34.7 (Yabuuchi et al., 1983), or 35.0 (Hugo et al., 1999) (all 
by T). 

(Neo) type strain: CCTM 724, NCTC 11212, ATCC 33487, 
LMG 8329, LMG 4010, CIP 103103, IFO (now NBRC) 
15053, CCUG 13228, NCIMB 2270. 

Sequence accession no. (16S rRNA gene): AY468447. 

Reference strains: the strain LMG 12856 (=Holmes 
42/78-NCTC 11409-CCUG 22401) (16S rRNA gene 
sequence accession no. AY468481) should not be consid- 
ered a Chryseobacterium balustinum strain; a polyphasic study 


has demonstrated it is actually highly related to the Chry- 
seobacterium indologenes type strain (Bernardet et al., 2005). 


. Chryseobacterium daecheongense Kim, Bae, Schumann 


and Lee 2005a, 136’? 


dae.che.ong.en'se. N.L. neut. adj. daecheongense pertaining 
to Lake Daechong, Korea, from where the type strain was 
recovered. 


Rods, approximately 0.5 pm in diameter and 0.8-2.0 pm 
in length. Good growth occurs on R2A, tryptic soy, and 
nutrient agars at 28-37°C. No growth occurs on B-hydroxy- 
butyrate. Colonies are yellow-pigmented and become 
mucoid after 3 d of incubation. sym-Homospermidine is 
the major polyamine and phosphatidylethanolamine is the 
major polar lipid. Nitrate is reduced, but not nitrite. Casein 
and gelatin are hydrolyzed. Lists of compounds that are uti- 
lized as carbon sources and those that show positive reac- 
tions in API ZYM galleries are given in the original species 
description. Other characteristics are as given in the genus 
description and in Tables 43 and 44. Highest 16S rRNA 
gene sequence similarity is with the type strain of Chryseobac- 
terium defluvii (97.9%), but DNA-DNA relatedness between 
the two species is only 34%. 

Source: the type (and so far only) strain was isolated from 
the sediment of a freshwater lake in Korea. 

DNA G+C content (mol % ): 36.6 (HPLC). 

Type strain: CPW406, DSM 15235, KCTC 12088. 

Sequence accession no. (16S rRNA gene): AJ457206. 


. Chryseobacterium defluvii Kampfer, Dreyer, Neef, Dott and 


Busse 2003, 95V" 
de.flu'vi.i. L. gen. n. defluvii of sewage. 


Rods, approximately 2.0 pm long; diameter unspecified. 
Good growth occurs on R24, tryptic soy, and nutrient agars 
at 25-30°C. Colonies are yellow-pigmented and circular 
with entire edges; after prolonged incubation, they merge 
owing to the production of extracellular slimy substances. 
In addition to the data listed in Table 44, no acid is pro- 
duced from adonitol, p-arabitol, dulcitol, erythritol, i-inosi- 
tol, melibiose, methyl a-p-glucoside, raffinose, L-rhamnose, 
or D-sorbitol. Lists of compounds that are utilized as carbon 
sources and chromogenic substrates that are hydrolyzed are 
given in the original species description. sym-Homospermi- 
dine is the major polyamine and phosphatidylethanolamine 
is the major polar lipid. Other characteristics are as given in 
the genus description and in Tables 43 and 44. Contains the 
highest proportion of C,., iso fatty acid (58.5%) of all Chry- 
seobacterium species. The highest 16S rRNA gene sequence 
similarity is with Chryseobacterium indoltheticum (96.2%). 

Source: the type (and so far only) strain was isolated from 
activated sewage sludge in Germany. 

DNA G+C content (mol% ): 38.8 (HPLC) [not determined 
originally by Kampfer et al. (2003), but by Kim et al. 
(2005a, b)]. 

Type strain: Kàmpfer B2, DSM 14219, LMG 22469, CIP 
107207. 

Sequence accession no. (16S rRNA gene): AJ309324. 

Note: Chryseobacterium defluvium is the name given for the 
organism originally deposited in 16S rRNA sequence data- 
bases. 
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Chryseobacterium formosense Young, Kampfer, Shen, Lai 
and Arun 2005, 426% 


for.mo.sen'se. N.L. neut. adj. formosense pertaining to For- 
mosa (Taiwan). 


Rods, approximately 1.0 pum in diameter and 2.0 pm in 
length. Good growth occurs on nutrient, tryptic soy, and 
BHI agars at 20-30°C. Colonies are yellow-pigmented and 
circular with entire edges; after prolonged incubation, they 
become mucoid and merge owing to the production of 
extracellular slimy substances. Negative for arginine dihy- 
drolase, lysine decarboxylase, and tryptophan deaminase. 
Lists of compounds that are utilized as carbon sources 
and that show positive reactions in API ZYM galleries are 
given in the species description. In API ZYM galleries, Chry- 
seobacterium formosense showed p-glucosidase activity, but no 
a-glucosidase activity, in contrast to Chryseobacterium defluvii 
and Chryseobacterium scophthalmum. Other characteristics are 
as given in the genus description and in Tables 43 and 44. 
The highest 16S rRNA gene sequence similarity is with Chry- 
seobacterium indoltheticum (97.5%), but the two type strains 
share only 27% DNA-DNA relatedness. 

Source: the type (and so far only) strain was isolated from 
the rhizosphere of garden lettuce (Lactuca sativa L.) from 
Kuohsing, Taiwan. 

DNA G+C content (mol96): not determined. 

Type strain: CC-H3-2, CCUG 49271, CIP 108367. 

Sequence accession no. (16S rRNA gene): AY315445. 


. Chryseobacterium hispanicum Gallego, Garcia and Ventosa 


2006, 1591% 
his.pa'ni.cum. L. neut. adj. hispanicum from Spain. 


Rods, approximately 0.9-1.5 pm in diameter and 4.0 pm 
in length. Good growth occurs on R2A, plate count, and 
tryptic soy agars at 25-28"C. Colonies on tryptic soy agar 
are white-yellow, opaque, round, convex, and 2-3 mm in 
diameter after 48 h at 28°C. Growth occurs with 0-2% NaCl 
(optimal growth without NaCl). The pH range for growth 
is 5.0-10.0 (optimal growth at pH 7.0). Methyl red test is 
negative. Acetoin and H,S are not produced. Casein and 
gelatin are hydrolyzed. Glucose is not fermented. p-Glu- 
cose, L-arabinose, D-mannose, and maltose are used as sole 
carbon sources. Arginine dihydrolase activity is absent. The 
list of substrates that show positive reactions in API ZYM gal- 
leries is given in the original species description. In addition 
to the data listed in Table 44, acid is produced from p-ara- 
binose and D-mannose, but not from D-galactose. Other 
characteristics are as given in the genus description and 
in Tables 43 and 44. The highest 16S rRNA gene sequence 
similarity (96.096) is with Chryseobacterium indoltheticum and 
Chryseobacterium scophthalmum; it occupies a separate posi- 
tion in the phylogenetic tree compared to the other Chry- 
seobacterium species. 

Source: the type (and so far only) strain was isolated from 
drinking water in Seville, Spain. 

DNA G«C content (mol % ): 34.3 (T). 

Type strain: VP48, CECT 7129, CCM 7359, JCM 13554. 

Sequence accession no. (16S rRNA gene): AM159183. 


. Chryseobacterium indologenes (Yabuuchi, Kaneko, Yano, 


Moss and Miyoshi 1983) Vandamme, Bernardet, Segers, 


Kersters and Holmes 1994a, 830°? (Flavobacterium indologenes 
Yabuuchi, Kaneko, Yano, Moss and Miyoshi 1983, 595) 


in.do.lo'ge.nes. N.L. neut. n. indolum indole; N.L. suff. -genes 
(from Gr. v. gennaó to produce), producing; N.L. neut. adj. 
indologenes (sic), indole-producing. 


Rods, approximately 0.5 pm in diameter and 1.0-3.0 pm 
in length. Filaments are common. Good growth occurs on 
tryptic soy and nutrient agars. Bright-yellow-pigmented. 
Colonies on nutrient agar at 35°C are circular, convex, 
entire, smooth, and up to 2 mm in diameter. Cultures have 
a strong aromatic odor. There is no hemolysis on blood 
agar. Yabuuchi et al. (1983) reported that this organism can 
grow under anaerobic conditions in the presence of fumar- 
ate and that some strains are able to reduce nitrate to N,, 
whereas others reduce neither nitrate nor nitrite. No pig- 
ment is produced on tyrosine agar. Gelatin is hydrolyzed. 
In addition to the data listed in Table 44, acid is produced 
from glycogen and mannose, but not from rhamnose, 
ribose, melibiose, raffinose, melezitose, adonitol, dulcitol, 
or inulin. Lysine and ornithine decarboxylases, and argin- 
ine dihydrolase are not produced. H,S production is nega- 
tive when tested using the triple-sugar iron test and positive 
when the lead acetate test is used. Other characteristics are 
as given in the genus description and in Tables 43 and 44. 
See above under Chryseobacterium gleum for the differentia- 
tion from other Chryseobacterium species of clinical interest. 
The highest 16S rRNA gene sequence similarity (99.0%) is 
with Chryseobacterium gleum, but the two type strains share 
only 22% DNA-DNA relatedness. 

Source: ubiqitous in soil and water and therefore in the 
hospital environment. Not a member of normal human 
flora, but together with allied members of CDC group IIb 
the most commonly isolated flavobacteria in the clinical 
microbiology laboratory. Associated with device-related 
infections in immunocompromised patients, but its role in 
these infections is unclear. 

DNA G+C content (mol96): 37.6-38.3 (type strain: 37.7) 
(Yabuuchi et al, 1983) or 38.0-39.0 (type strain: 38.0) 
(Hugo et al., 1999) (all using T, ). 

Type strain: RH 542, ATCC 29897, NCTC 10796, LMG 8337, 
LMG 12453, LMG 12454, CIP 101026, CCUG 14488, CCUG 
14556, IFO (now NBRC) 14944, GIFU 1347, CDC 3716. 

Sequence accession nos (16S rRNA gene): M58773, AY468450 
(type strains). 

Reference strains: besides the other strains included in the 
description of the species, LMG 12452 (=CCUG 12408=CDC 
B998) shares high DNA-DNA relatedness (Ursing and 
Bruun, 1991) and similar protein and RAPD profiles (Ber- 
nardet et al., 2005) with the type strain. 


. Chryseobacterium indoltheticum (Campbell and Williams 


1951) Vandamme, Bernardet, Segers, Kersters and Holmes 
1994a, 830V" [ Beneckea indolthetica (Campbell and Williams 
1951) Campbell 1957, 331; Flavobacterium indoltheticum 
Campbell and Williams 1951, 903] 


in.dol.the'ti.cum. N.L. n. indolum indole; Gr. adj. thetikos 
positive; N.L. neut. adj. indoltheticum (sic), indole-positive. 


Of the two strains isolated by Campbell and Williams 
(1951) during a screening for chitin-decomposing bacteria 


GENUS X. CHRYSEOBACTERIUM 


in marine mud samples of unknown origin, only one, the 
type strain, remains in culture collections. This strain is 
nonmotile, although it was originally described as motile 
by means of peritrichous flagella. This discrepancy casts a 
doubt on the whole original description; it is also possible 
that the available strain is not one of the original ones. 
Hence, the features presented in Table 44 were taken from 
Holmes et al. (1984a), Holmes (1992), Hugo et al. (2003), 
and Bernardet et al. (2005). Furthermore, another refer- 
ence strain (LMG 13342) displays a clear positive reac- 
tion for the phenylalanine deaminase test, contrary to the 
type strain. Both strains grow well on tryptic soy agar and 
produce a dark brown, diffusible pigment on tyrosine agar 
(J-F. Bernardet, unpublished data). Other characteris- 
tics are as given in the genus description and in Tables 43 
and 44. Holmes et al. (1984a) considered this taxon a spe- 
cies incertae sedis, but recent polyphasic studies including 
16S rRNA gene sequence data have clearly demonstrated 
that Chryseobacterium indoltheticum is a member of the genus 
Chryseobacterium (Bernardet et al., 2005; Hugo et al., 1999, 
2003; Vandamme et al., 1994a). These investigators, how- 
ever, did not succeed in finding new strains. 

Source: marine mud samples of unknown origin. 

DNA G+C content (mol % ): about 34.0 in most studies (T); 
a surprisingly low value (30.0) was found by Hugo et al. 
(1999) (T: ). 

Type strain: Weeks F37, ATCC 27950, CCUG 33445, CIP 
103168, LMG 4025, NCIMB 2220. 

Sequence accession no. (16S rRNA gene): AY468448 (type 
strain). 

Reference strains: strain LMG 13342 (=PHLS F32=PHLS A 
78/68) (16S rRNA gene sequence accession no. AY468444) 
exhibits very similar phenotypic features, whole-cell protein 
profiles and 16S rRNA gene sequence (more than 99%) to 
those of the type strain (Bernardet et al., 2005). 


. Chryseobacterium joostei Hugo, Segers, Hoste, Vancanneyt 
and Kersters 2003, 775%? 


joos'te.i. N.L. gen. masc. n. joostei of Jooste, named after 
P.J. Jooste, who isolated the first strains of this species from 
South African raw milk. 


Rods, approximately 0.5 pm in diameter and 1.0 pm in 
length. The cell wall is approximately 50 nm thick. Colonies 
on nutrient agar are smooth, shiny, bright yellow, circular 
with entire edges, and butyrous in consistency, becoming 
mucoid after incubation for 5 d. A brown, diffusible pig- 
ment is produced on tyrosine agar. Growth is observed 
on p-hydroxybutyrate (without production of p-hydroxy- 
butyrate inclusion granules), but not on Simmons' citrate 
agar. All strains show phosphatase activity, but not glucon- 
ate oxidation, or arginine dihydrolase, lysine decarboxy- 
lase, or ornithine decarboxylase activities. Produces indole 
when using Kovac's reagent, but not when using Ehrlich's 
reagent. 3-Ketolactose is not produced. Hydrolyzes casein, 
gelatin, and Tween 20. Negative for the methyl red test; 
does not produce acetoin, does not tolerate 0.007596 (w/v) 
KCN, and cannot reduce 0.496 (w/v) selenite. In addition 
to the data listed in Table 44, acid is not produced from 
196 (w/v) dulcitol, inositol, raffinose, rhamnose, or sor- 
bitol. Lists of compounds that are utilized/not utilized as 
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sole carbon sources and substrates that are hydrolyzed/not 
hydrolyzed in API ZYM galleries are given in the original 
species description. Other characteristics are as given in the 
genus description and in Tables 43 and 44. 

Source: strains were isolated originally from raw milk sam- 
ples taken from different farms and from tankers arriving at 
dairy factories across South Africa; they were distinguished 
from reference strains of the other Chryseobacterium species 
by their specific whole-cell protein profile (Hugo et al., 
1999). More recently, two additional strains were retrieved 
from ulcerative lesions of Atlantic salmon (Salmo salar) in 
Finland (Bernardet et al., 2005). 

DNA G+C content (mol % ): 36-37 (type strain: 36.7) (T ). 

Type strain: Hugo Ix5a, LMG 18212, CCUG 46665, CIP 
105533. 

Sequence accession no. (16S rRNA gene): AJ271010 (type 
strain); AY468479 (LMG 18208). 

Reference strains: LMG 18207 [strain Eh 9 of Jooste (1985) ], 
LMG 18208 [strain Hb 7a of Jooste (1985)], LMG 18209 
[strain Hb 7b of Jooste (1985) ], LMG 18210 [strain Hbg 12b 
of Jooste (1985) ], LMG 18211 [strain Ip 8b of Jooste (1985) ], 
LMG 18213 [strain Ix 11 of Jooste (1985) ], LMG 18214 [strain 
Sp 6a of Jooste (1985), LMG 18215 [strain J 68 of Welthagen 
and Jooste (1992)], LMG 18216 [strain J 75 of Welthagen 
and Jooste (1992)], LMG 18217 [strain J 79 of Welthagen 
and Jooste (1992)], LMG 22906 [=CIP 108621; strain UOF 
CR694 of Bernardet et al. (2005) ]; and LMG 22907 [=CIP 
108622; strain UOF CR1094 of Bernardet et al. (2005) ]. 

Note: Chryseobacterium joosteii is the name given for the 
organism originally deposited in 16S rRNA sequence data- 
bases. 


Chryseobacterium piscium de Beer, Hugo, Jooste, Vancan- 
neyt, Coenye and Vandamme 2006, 1321" 


pis'ci.um. L. pl. gen. n. piscium of fish. 


Rods, approximately 0.5 pm in diameter and 1.0 pm in 
length. Colonies on nutrient agar are shiny, yellow, and 
translucent with entire edges. Growth occurs in nutrient 
broth containing 596 NaCl. Strains test positive for gelatin 
and casein hydrolysis. The reaction on triple-sugar iron 
agar and 10% lactose is alkaline. All strains show positive 
reactions with the Biolog GN2 MicroPlate system for only 
four substrates, namely gentiobiose, D-mannose, succinic 
acid monomethyl ester, and acetic acid. The highest 16S 
rRNA gene sequence similarities are with Chryseobacterium 
balustinum, Chryseobacterium scophthalmum, and | Chryseobac- 
terium indoltheticum (99.3, 98.9, and 97.4%, respectively); 
DNA-DNA relatedness values with these three species are 
57, 51, and 52%, respectively. The four Chryseobacterium pis- 
cium strains were originally distinguished from reference 
strains of the other Chryseobacterium species by their specific 
whole-cell protein profile, although Chryseobacterium balusti- 
num and Chryseobacterium indoltheticum display very similar 
profiles. Other characteristics are as given in the genus 
description and in Tables 43 and 44. 

Source: all four currently known strains have been isolated 
from fresh fish from the South Atlantic ocean off the South 
African coast during 1996 (Lingalo, 1997). Production of 
urea and phenylalanine deaminase suggests that Chryseobac- 
lerium piscium may be involved in spoilage of the fish. 
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DNA G+C content (mol % ): 33.6 (HPLC; type strain). 

Type strain: strain R-23621, LMG 23089, CCUG 51923. 

Sequence accession no. (16S rRNA gene): AM040439. 

Reference strains: LMG 23086 (=strain R-23611), LMG 23087 
(=strain R-23616) and LMG 23088 (=strain R-23620). 


Chryseobacterium | scophthalmum (Mudarris, Austin, 
Segers, Vancanneyt, Hoste and Bernardet 1994) Van- 
damme, Bernardet, Segers, Kersters and Holmes 1994a, 
830%? (Flavobacterium scophthalmum Mudarris, Austin, Segers, 
Vancanneyt, Hoste and Bernardet 1994, 450) 


scoph.thal'mum. N.L. n. Scophthalmus scientific name of a 
genus that encompasses the turbot; N.L. neut. adj. scophthal- 
mum (sic) pertaining to turbot. 

Rods, 0.5 pm in diameter and 1.0-2.0 pm in length; fila- 
ments occur. The cell wall is 50 nm thick. The presence 
of gliding motility initially reported (Mudarris and Austin, 
1989) has not been confirmed during further investiga- 
tions (Mudarris et al., 1994); J.-F. Bernardet, unpublished 
data). Good growth occurs on marine 2216E, nutrient, 
and tryptic soy agars at 25-30°C. Colonies are circular, 
smooth, convex with entire edges, and deep golden-yel- 
low-pigmented. On tyrosine agar, a pink, diffusible pig- 
ment is produced by some strains (e.g., the type strain), 
progressively turning brown. The type strain yields a 
strong positive reaction in the phenylalanine deaminase 
test; the six other strains tested are negative. Metabolism 
is reportedly respiratory and fermentative. Arginine dihy- 
drolase, and lysine and ornithine decarboxylases are not 
produced. The methyl red test is negative; acetoin is not 
produced. Blood (f-hemolysis occurs around the areas 
of growth), casein, gelatin, tributyrin, and Tweens 20, 40, 
60, and 85 are degraded, but agar, cellulose, and chitin 
are not degraded. Lists of compounds that are utilized as 
carbon sources and substrates that are hydrolyzed in API 
ZYM galleries are given in the original species description. 
Sodium nitrate, vitamin-free Casamino acids, and yeast 
extract are utilized as nitrogen sources. Growth occurs in 
the presence of 0-4% (w/v) NaCl, but not in the pres- 
ence of 5% NaCl. Other characteristics are as given in the 
genus description and in Tables 43 and 44. The highest 
16S rRNA gene sequence similarities (98.9 and 97.8%) 
are with Chryseobacterium balustinum and Chryseobacterium 
indoltheticum, respectively (Li et al., 2003b), but the corre- 
sponding levels of DNA-DNA relatedness are only 44 and 
3796 (Mudarris et al., 1994). 

Source: the type strain was isolated in 1987 from the gills 
of a diseased turbot (Scophthalmus maximus) in Scotland. 
Forty-nine other strains were isolated at the same time 
from healthy and diseased turbot and from seawater. Dis- 
eased fish suffered from gill hyperplasia and hemorrhagic 
septicemia. They displayed hemorrhages in the eyes, skin, 
and jaw; several internal organs also exhibited necrosis 
and hemorrhages (Mudarris and Austin, 1989; Mudarris 
et al., 1994). No other strains of Chryseobacterium scophthal- 
mum have been found subsequently, even when collections 
of Chryseobacterium strains isolated from diseased fish have 
been extensively investigated (Bernardet et al., 2005). 

DNA G+C content (mol% ): 33.5-34.7 (type strain: 34.1) 
(T). 


m 
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Type strain: Austin MM1, ATCC 700039, LMG 13028, CIP 
104199, CCM 4109, NCIMB 13463, CCUG 33454. 

Sequence accession no. (16S rRNA gene): AJ271009 (type 
strain). 

Reference strains: Austin MMIA (=LMG 13029), Austin 
MMIB (=LMG 13030), Austin MMID (=LMG 13031), Aus- 
tin MM2B (=LMG 13032), Austin MM2C (=LMG 13033), 
and Austin MM4 (=LMG 13034). 

Note: the synonym Cytophaga scophthalmis is listed in 1989 
in the catalog of strains of the Czech Collection of Micro- 
organisms. 


Chryseobacterium shigense Shimomura, Kaji and Hiraishi 
2005, 1905‘? 


shi.gen'se. N.L. neut. adj. shigense pertaining to Shiga pre- 
fecture in Japan, the geographical area of isolation of the 
type strain. 


Straight or slightly curved rods, approximately 0.6 jum 
in diameter; the published scanning electron micrograph 
shows rods approximately 2.0-4.0 pm in length. Good 
growth occurs on nutrient agar at 20-30°C. Colonies are 
deep yellow, circular, and shiny. Casein and gelatin are 
hydrolyzed. The highest 16S rRNA gene sequence similar- 
ity (95.796) is with Chryseobacterium joostei. However, unlike 
Chryseobacterium joostei, Chryseobacterium shigense does not 
grow on MacConkey agar and does not produce acid from 
maltose or trehalose. The fatty acid composition is not 
given in detail in the original description, only the amounts 
of the two major fatty acids (C,, ,, 39.7%; and C; iso 3-OH, 
19.6%) are specified. Other characteristics are as given in 
the genus description and in Tables 43 and 44. 

Source: the type (and so far only) strain was isolated in 
Japan from a commercial fresh lactic acid beverage; it was 
considered as a part of the normal bacterial community of 
the preparation. 

DNA G+C content (mol % ): 36.6 (HPLC). 

Type strain: GUM-Kaji, BAMY 1001, DSM 17126, NCIMB 
14047. 

Sequence accession no. (16S rRNA gene): AB193101. 


Chryseobacterium soldanellicola Park, Jung, Lee, Lee, Do, 
Kim and Bae 2006b, 436% 


sol.da.nel'li.co.la. N.L. n. soldanella the species epithet of a 
plant belonging to the genus Calystegia; L. suff. -cola (from 
L. n. incola) dweller; N.L. masc. n. soldanellicola dweller of 
Calystegia soldanella. 


Rods of unspecified size. Good growth occurs on R2A, 
tryptic soy, and nutrient agars at 25-30°C. Colonies are 
circular with entire edges, shiny, and yellow, becoming 
mucoid after prolonged incubation. Growth occurs in 
the presence of 0-4% (w/v) NaCl within 14 d. The pH 
range for growth is 5—7 and the optimal pH for growth 
is 5. Acetoin is not produced. Negative for arginine dihy- 
drolase, lysine decarboxylase, and tryptophan deaminase. 
Gelatin is hydrolyzed. Glucose, arabinose, mannose, and 
maltose are weakly assimilated. Compounds that are uti- 
lized as carbon sources are given in the original species 
description. Chryseobacterium soldanellicola has the lowest 
G+C content in the genus. Other characteristics are as 
given in the genus description and in Tables 43 and 44. 
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The highest 16S rRNA gene sequence similarity (97.2%) is 
with Chryseobacterium indoltheticum. The type strain displays 
antifungal activity against the plant pathogen Fusarium 
oxysporum. 

Source: the type (and so far only) strain was isolated from 
the roots of beach morning glory (Calystegia soldanella) 
growing on a sand dune in the coastal area of Tae-an, Chun- 
gnam, Korea. 

DNA G+C content (mol % ): 28.8 (unspecified method). 

Type strain: PSD 1-4, KCTC 12382, NBRC 100864. 

Sequence accession no. (16S rRNA gene): AY883415. 


Chryseobacterium taeanense Park, Jung, Lee, Lee, Do, Kim 
and Bae 2006b, 436°” 


tae.an.en'se. N.L. neut. adj. taeanense pertaining to Tae-an, 
a geographical region in Chungnam, Korea, where the type 
strain was isolated. 

Rods of unspecified size. Good growth on R24, tryptic 
soy, and nutrient agars at 25-30°C. Colonies are circular 
with entire edges, shiny, and yellow, becoming mucoid after 
prolonged incubation. Growth occurs in the presence of 
0-6% (w/v) NaCl within 14 d. The pH range for growth 
is 5-9 and the optimal pH for growth is 5. Acetoin is not 
produced. Negative for arginine dihydrolase, lysine decar- 
boxylase, and tryptophan deaminase. Gelatin is hydrolyzed. 
Weakly assimilates glucose, arabinose, mannose, and malt- 
ose. Compounds that are utilized as carbon sources are 
given in the original species description. Other character- 
istics are as given in the genus description and in Tables 
43 and 44. The highest 16S rRNA gene sequence similarity 
(97.896) is with Chryseobacterium taichungense. 

Source: the type (and so far only) strain was isolated from 
the roots of Elymus mollis (wild rye) growing on a sand dune 
in the coastal area of Tae-an, Chungnam, Korea. 

DNA G+C content (mol96): 32.1 (unspecified method). 

Type strain: PHA3-4, KCTC 12381, NBRC 100863. 

Sequence accession no. (16S rRNA gene): AY883416. 


Chryseobacterium taichungense Shen, Kampfer, Young, Lai 
and Arun 2005, 1302” 


tai.chung'en.se. N.L. neut. adj. taichungense pertaining to 
Taichung, a province in Taiwan. 

Rods, approximately 2.0 pm in length; diameter unspeci- 
fied. Good growth occurs on nutrient, BHI, and tryptic soy 
agars at 25-30°C. Colonies are yellow, shiny, and circular 
with entire edges, becoming mucoid after prolonged incu- 
bation due to the production of extracellular substances. 
Grows in the pH range 6.0-9.0; optimal pH range for 
growth is 7.0-8.0. Gelatin is hydrolyzed. In addition to 
the data listed in Table 44, acid is produced weakly from 
adonitol, i-inositol, and r-rhamnose; no acid is produced 
from p-arabitol, dulcitol, erythritol, melibiose, methyl-a-p- 
glucoside, raffinose, or p-sorbitol. Lists of compounds that 
are utilized as carbon sources, substrates that show positive 
reactions in API ZYM galleries, and chromogenic substrates 
that are hydrolyzed are given in the original species descrip- 
tion. Other characteristics are as given in the genus descrip- 
tion and in Tables 43 and 44. The highest 16S rRNA gene 
sequence similarity (96.8%) is with Chryseobacterium indolo- 
genes and Chryseobacterium gleum. 
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Source: the type (and so far only) strain was isolated from 
tar-contaminated soil in Taichung, Taiwan. 

DNA G+C content (mol% ): not determined. 

Type strain: Shen CC-TWGSI-8, CCUG 50001, CIP 
108519. 

Sequence accession no. (16S rRNA gene): AJ843132. 


Chryseobacterium taiwanense Tai, Kuo, Lee, Chen, Yokota 
and Lo 2006, 1774 


tai.wan.en’se. N.L. neut. adj. íamvanense pertaining to 
Taiwan, from where the type strain was recovered. 


Rods, approximately 0.6-0.9 pm in diameter and 
1.0-2.2 pm in length. Good growth on nutrient and tryp- 
tic soy agars at 30*C. Colonies on tryptic soy agar are yel- 
lowish, translucent, and shiny with entire edges. Growth 
occurs on tryptic soy agar containing 4% NaCl. The pH 
range for growth is 5.0-10.0 (optimum 6.0-8.0). Casein and 
gelatin are hydrolyzed. Lists of substrates that show positive 
reactions in API ZYM galleries and on GN2 MicroPlates are 
given in the original species description. Other characteris- 
tics are as given in the genus description and in Tables 43 
and 44. The highest 16S rRNA gene sequence similarities 
(96.7-97.2%) are with Chryseobacterium daecheongense, Chry- 
seobacterium defluvii, and Chryseobacterium taichungense, but 
DNA-DNA relatedness between the four type strains is only 
8.5-24.2%. 

Source: the type (and so far only) strain was isolated from 
farmland soil in Taiwan. 

DNA G+C content (mol% ): 36.8 (HPLC). 

Type strain: Soil-3-27, BCRC 17412, IAM 15317, LMG 
23355. 

Sequence accession no. (16S rRNA gene): DQ318789. 


Chryseobacterium vrystaatense de Beer, Hugo, Jooste, Wil- 
lems, Vancanneyt, Coenye and Vandamme 2005, 2151V* 


vry.staa.ten'se. N.L. neut. adj. vrystaatense pertaining to Vrys- 
taat (Free State), the South African province where these 
bacteria were isolated. 


Rods, approximately 0.5 pm in diameter and 1.0 pm in 
length. Colonies on nutrient agar are shiny, deep golden yel- 
low, and translucent as single colonies, with entire edges. It 
should be noted that, although the table of differentiating 
characteristics in the original description of the species (de 
Beer et al., 2005) indicated no growth on MacConkey agar, 
the formal description stated that the species did grow on this 
medium; after personal communication with the author, it 
was confirmed that no growth was observed on MacConkey 
agar. All strains grow in nutrient broth containing 2% (w/v) 
NaCl; growth in 3 and 4% NaCl broth is strain-dependent 
(negative for the type strain). Reactions on triple-sugar iron 
agar and 10% lactose are alkaline. The ability to produce 
H,S varies depending on incubation time on triple-sugar 
iron agar and sulfide indole motility medium. All strains 
show positive reactions using the Biolog GN2 MicroPlate 
system for Tweens 40 and 80, gentiobiose, a-p-glucose, D- 
mannose, trehalose, succinic acid monomethyl ester, acetic 
acid, and r-asparagine. Variable reactions are observed for 
L-aspartic acid, L-glutamic acid, glycyl-L-glutamic acid, L- 
serine, glycerol, dextrin, a-ketovaleric acid, L-alanyl-glycine, 
L-hreonine, D-mannitol, uridine, thymidine, and inosine. 
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Other characteristics are as given in the genus descrip- 
tion and in Tables 43 and 44. Whole-cell protein analysis 
delineated three subgroups in the collection of 36 isolates 
studied, but DNA-DNA relatedness values obtained among 
representative isolates of these subgroups were above 90%, 
demonstrating that they actually form a homogeneous 
genospecies (de Beer et al., 2005). The highest 16S rRNA 
gene sequence similarities are with Chryseobacterium joostei, 
Chryseobacterium indologenes, and Chryseobacterium gleum (96.9, 
97.1, and 97.1%, respectively); the Chryseobacterium vrystaat- 
ense type strain shares 4676 DNA-DNA relatedness with the 
Chryseobacterium joostei type strain. 

Source: all Chryseobacterium vrystaatense strains were iso- 
lated from raw chicken-portion samples collected at differ- 
ent processing stages from a chicken processing plant in 
2003 in the Free State province of South Africa (de Beer 
et al., 2005). 

DNA G«C content (mol%): 37.0-37.6 (type strain: 37.1) 
(HPLC). 

Type strain: de Beer 161, LMG 22846, CCUG 50970. 

Sequence accession nos (16S rRNA gene): AJ871397 (type 
strain), AJ871398 (LMG 22954). 

Reference strains: LMG 22847 (=strain R-23600), LMG 22848 
(=strain R-23500), and LMG 22954 (=strain R-23533). 
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18. Chryseobacterium wanjuense Weon, Kim, Yoo, Kwon, Cho, 


Go and Stackebrandt 2006, 1502” 


wan ju.en'se. N.L. neut. adj. wanjuense pertaining to Wanju, 
the Korean province where the type strain was isolated. 


Rods, approximately 0.7-0.8 pm in diameter and 
2.0-3.5 pum in length. Good growth occurs on R2A, nutri- 
ent, and tryptic soy agars at 28°C. Colonies on R2A agar are 
yellow with entire edges. Growth occurs with 0-2% NaCl 
(optimum 0-1% NaCl). The pH range for growth is 5.0-9.0 
(optimum pH 7.0). Casein and gelatin are hydrolyzed. Chi- 
tin and carboxymethylcellulose are not hydrolyzed. Glucose 
is not fermented. Arginine dihydrolase activity is absent. 
Lists of substrates that show positive reactions in the API 
ZYM, 50 CH, 20NE, and ID 32 GN galleries are given in 
the original species description. Other characteristics are as 
given in the genus description and in Tables 43 and 44. The 
highest 16S rRNA gene sequence similarity (97.7%) is with 
Chryseobacteriwm daecheongense, but the two type strains share 
only 28% DNA-DNA relatedness. 

Source: the type (and so far only) strain was isolated from 
greenhouse soil cultivated with lettuce in Korea. 

DNA G+C content (mol % ): 37.8 (HPLC). 

Type strain: R2A10-2, KACC 11468, DSM 17724. 

Sequence accession no. (16S rRNA gene): DQ256729. 


Other organisms 


1. “Chryseobacterium proteolyticum” Yamaguchi and Yokoe 


2000, 3342 


pro.te.o.ly'ti.cum. N.L. neut. n. proteinum protein; Gr. adj. 
lutikos -é -on dissolving; N.L. neut. adj. proteolyticum (sic) pro- 
tein-dissolving, proteolytic. 


Rods, approximately 0.4—0.5 pm in diameter and 0.8-2.0 im 
in length. Good growth occurs on nutrient agar at 30°C. Colo- 
nies are circular, and orange or light pinkish cream. The pH 
range for growth is 5-9; optimal range for growth is pH 6-8. 
Negative for 3-ketolactose and acetoin production. Lysine and 
ornithine decarboxylases, and arginine dihydrolase are nega- 
tive. Casein and gelatin are hydrolyzed. In addition to the data 
listed in Table 44, acid is produced from soluble starch, but 
not from adonitol, inositol, or inulin. Other characteristics are 
as given in the genus description and in Tables 43 and 44. The 
fatty acid profile was not determined. The highest 16S rRNA 
gene sequence similarities are with Chryseobacterium gleum and 
Chryseobacterium indologenes (96.0 and 95.9%, respectively). 
The name of this well-described species has not been validly 
published and the strains have not been deposited in a recog- 
nized culture collection or been made available for research. 
" Chryseobaclerium proteolyticum" has been shown to produce an 
enzyme with a great potential for industrial applications, the 
first protein-deaminating enzyme of microbial origin. 

Source: the two strains were isolated from damp soil sam- 
ples in a rice field (type strain) and on the bank of a brook 
from Tsukuba, Ibaraki, Japan. 

DNA G+C content (mol% ): 37.1 for both strains (HPLC). 

Type strain: Yamaguchi and Yokoe 9670, FERM P-17664 
(Patent Micro-organism Depository, National Institute of Bio- 
science and Human Technology, Tsukuba, Japan). 


Sequence accession no. (16S rRNA gene): AB039830 (type 
strain). 
Other reference strain: Yamaguchi and Yokoe 9671. 


. *Chryseobacterium massiliae" Greub, La Scola and Raoult 


2004, 474 


mas.si'li.ae. L. gen. n. massiliae of Massilia, the Latin name 
of Marseille. 


A strain provisionally named " Chryseobacterium massiliae” 
was recovered from a nasal swab from a homeless woman suf- 
fering from rhinitis in a hospital in Marseille, France, using 
amoebal co-culture; it was one of the amoeba-resistant bac- 
teria in the sample (Drancourt et al., 2004). The strain was 
deposited in culture collections, but no detailed study was 
published. It grows on medium used for growing strains of 
Afipia and Legionella (medium 23; CIP catalog of strains) at 
30°C in the presence of 5% CO,. 

Source: human nasal swab. 

Type strain: Greub 90B, CIP 107752, CCUG 51329. 

Sequence accession no. (16S rRNA gene): AF531766. 


. “Candidatus Chryseobacterium timonae” Drancourt, Berger 


and Raoult 2004, 2198 
ti'mo.nae. N.L. gen. n. timonae of the hospital, La Timone. 


Only the 16S rRNA gene sequence of this strain is available. 

Source: the strain was isolated from the blood of a 73-year- 
old man suffering from ulcerative colitis in a hospital in Mar- 
seille, France. 

Sequence accession no. (168 rRNA gene): AY244770. 
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Genus XI. Cloacibacterium Allen, Lawson, Collins, Falsen and Tanner 2006, 1314V? 


THE EpiroRIAL BOARD 


Clo.a.ci.bac.te'ri.um. L. fem. n. cloaca a sewer, canal; L. neut. n. bacterium a small rod; N.L. neut. n. 


Cloacibacterium a sewer rod. 


Pleomorphic rods. Nonmotile. Gram-stain-negative. A flexirubin- 
type pigment is not produced. Yellow to orange carotenoid-type 
pigments are produced. Facultatively anaerobic. Catalase- and 
oxidase-positive. The major end product of glucose fermenta- 
tion under both aerobic and anaerobic conditions is pyruvate. 
Cellular fatty acids consist mainly of branched-chain fatty acids, 
with C,,, iso, Ci; iso, C... iso, and C,,, iso 3-OH predominat- 
ing. The predominant respiratory quinone is MK-6. 

DNA G+C content (mol % ): 31. 

Type species: Cloacibacterium normanense Allen, Lawson, 
Collins, Falsen and Tanner 2006, 1314”. 


Further descriptive information 


In broth cultures, cells are up to 27 um long, but cells from agar 
plate cultures are only 5-9 um long. Colonies grown on tryptic soy 
agar for 48 h are 1.0-1.5 mm in diameter, round, entire, and waxy. 
The temperature range for growth is 18-36°C (optimum, 30°C). 
No growth occurs at 4°C or at 40°C or above. All strains grow at 
pH 7 and 8 (optimum, pH 7), and some grow at pH 6 and 9. 
Numbers of Cloacibacterium normanensein raw sewage from two 
different treatment plants were 1.4 x 10° and 1.4 x 10' cells/ml, 
as estimated by a most probable number-PCR method (Allen 
et al., 2006). The organisms, however, were not detected by 
this method in treated effluent or in human stool specimens, 


indicating that Cloacibacterium normanense is unlikely to be a 
dominant member of the human gastrointestinal tract. 

Most isolates tested are resistant to erythromycin (15 pg) 
and kanamycin (30 pg). All isolates so far tested are sensitive to 
carbenicillin (100 pg), chloramphenicol (30 pg), ciprofloxa- 
cin (5 pg), doxycycline (30 pg), gentamicin (10 pg), oxytet- 
racycline (30 pg), sulfathiazole (0.25 mg), and tetracycline 
(30 pg). 


Taxonomic comments 


Analysis of 16S rRNA gene sequences indicates that the bac- 
terial species most closely related to Cloacibacterium normanense 
are Riemerella anatipestifer (88.8% sequence similarity), Riemerella 
columbina (94.6% sequence similarity), and Bergeyella zoohelcum 
(94.4% sequence similarity). 


Differentiation of the genus Cloacibacterium from related 
genera. Unlike Cloacibacterium, Bergeyella and Riemerella do not 
produce a yellow pigment. Bergeyella and Riemerella also have a 
higher DNA G+C content (35-37 and 33-37 mol%, respectively, 
vs 31 mo1% for Cloacibacterium) . Unlike Cloacibacterium, Bergeyella 
hydrolyzes urea, but not DNA or esculin; also, Bergeyella is non- 
saccharolytic and fails to form acid from glucose. In contrast 
to Cloacibacterium, the genus Riemerella is capnophilic and most 
strains of Riemerella grow at 42°C. 


List of species of the genus Cloacibacterium 


1. Cloacibacterium normanense Allen, Lawson, Collins, Falsen 
and Tanner 2006, 1314% 


nor.man.en'se. N.L. neut. adj. normanense pertaining to the 
city of Norman, Oklahoma, USA, where the organism was 
first isolated. 


Characteristics are as described for the genus, with the 
following additional features. No growth occurs on Mac- 
Conkey agar. Indole-positive. Casein, esculin, gelatin, and 
starch are hydrolyzed, but alginate, agar, cellulose, chitin, 
hypoxanthine, pectin, urea, uric acid, and xanthine are 
not hydrolyzed. DNA is weakly hydrolyzed. Methyl red- and 
Voges-Proskauer-negative. Nitrate is not reduced. With the 
API system, acid is produced from a-cyclodextrin and man- 
nose, but not from alanine, ribose, mannitol, sorbitol, lac- 
tose, trehalose, raffinose, hippurate, glycogen, melibiose, 
melezitose, sucrose, L-arabinose, D-arabitol, tagatose, or 
raffinose. Positive for the following enzyme activities: alkaline 
phosphatase, acid phosphatase, alanine arylamidase, argi- 
nine dihydrolase (weak reaction), arginine arylamidase, 
chymotrypsin, esterase C4 (weak reaction), ester lipase C8, 


a-glucosidase, f-glucosidase, glycine arylamidase, glycyl 
tryptophan arylamidase, proline arylamidase, leucine arylam- 
idase, leucyl glycine arylamidase, phenylalanine arylamidase, 
alanine phenylalanine proline arylamidase, leucine arylami- 
dase, naphthol-AS-BI-phosphohydrolase, pyroglutamic acid 
arylamidase, tyrosine arylamidase, histidine arylamidase, 
glutamyl glutamic acid arylamidase, serine arylamidase, and 
valine arylamidase. The following enzyme activities are absent: 
Nacetyl-B-glucosaminidase, o-arabinosidase, o-fucosidase, 
a-galactosidase, B-galactosidase, B-glucuronidase, glutamic 
acid arylamidase, a-mannosidase, D-mannosidase, methyl B-D- 
glucopyranoside, pyroglutamic acid arylamidase, lipase C14, 
and trypsin. The major fatty acids are C, iso (8-976), C,. iso 
(40-46%), C; iso (7-10%), and C, iso 3-OH (5-946). 

Source: the type strain was isolated from untreated human 
wastewater. 

DNA G+C content (mol96): 31 (HPLC). 

Type strain: NRS1, ATCC BAA-825, CCUG 46293, CIP 
108613, DSM 15886. 

Sequence accession no. (16S rRNA gene): AJ575430. 
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Genus XII. Coenonia Vandamme, Vancanneyt, Segers, Ryll, Kohler, Ludwig and Hinz 1999, 873° 


THE EpiroRIAL BOARD 


Coe.no'ni.a. Gr. n. koinónia community, association; N.L. fem. n. Coenonia refers to the association between 


these bacteria and a host. 


Rods, 0.2-0.4 x 1.25-2.5 pm. Nonsporeforming. Nonmotile. 
Gramestain-negative. Microaerophilic. Growth is optimal at 
37°C in a microaerobic and CO,-enriched atmosphere; it is 
weak under anaerobic conditions and absent in aerobic condi- 
tions. Catalase- and oxidase-positive. Hyaluronidase- and chon- 
droitin sulfatase-positive. l'he major fatty acid components of 
all strains examined are branched-chain fatty acids, including 
Cis. 150, C,,, iso, Cipo anteiso, C,,, iso 3-OH, Ceo 3-OH, and 
Cz iso 9-OH. 

DNA G+C content (mol 96): 35-36. 

Type species: Coenonia anatina Vandamme, Vancanneyt, 
Segers, Ryll, Köhler, Ludwig and Hinz 1999, 873W, 


Further descriptive information 


Coenonia anatina causes an exudative septicemic disease in 
ducks and geese. Strains have been isolated as pure cultures 
under microaerobic conditions from samples of the respiratory 
tract (lungs, air sac fibrin, pericard) and brain of ducks and 
geese, always associated with signs similar to those of Riemerella 
analipestiferassociated exudative septicemia. 


In the northern part of Germany, Coenonia anatina strains 
have been recovered from over 30% of the cases of septice- 
mia-related losses in commercial duck flocks in the period 
1994-1995. Vaccination with an inactivated whole culture of 
Coenonia anatina strains has induced protection of ducklings 
against Coenonia anatina-associated disease. These data suggest 
its pathogenic role (Vandamme et al., 1999). 


Differentiation of the genus Coenonia from other genera 


Coenonia is positive for hyaluronidase and chondroitin sulfatase 
activities, whereas Capnocytophaga species are negative (Van- 
damme et al., 1999). 


Taxonomic comments 


Based on 16S rRNA sequence analysis, Vandamme et al. (1999) 
reported that Coenonia anatina exhibited a moderate but dis- 
tinct relationship to Capnocytophaga species, with an overall 16S 
rRNA sequence similarity of 88.8-90.2%. Similarity values to 
other representatives of the phylum Bacteroidetes were 88.6% 
and lower. 


List of species of the genus Coenonia 


1. Coenonia anatina Vandamme, Vancanneyt, Segers, Ryll, 
Kohler, Ludwig and Hinz 1999, 873” 


a.na.ti'na. L. fem. adj. anatina of a duck. 


In 16-h-old cultures on blood agar, the mean cell size is 
0.2-0.4 x 1.25-2.5 pm. Some cells are spherically swollen, spin- 
dle or lemon-shaped, and arranged in short chains. Colonies 
are flat to convex, circular, nonpigmented to white, with entire 
edges and a smooth surface on blood agar. Nonhemolytic. 
Special growth factors are not required. Growth occurs on 
conventional media. No growth occurs on MacConkey agar or 
on Simmons citrate agar. Hyaluronidase and chondroitin sul- 
fatase activity is present, but not urease, gelatinase, arginine 
dihydrolase, phenylalanine deaminase, ornithine decarboxy- 
lase, or lysine decarboxylase activities. Nitrate is not reduced. 
Esculin is hydrolyzed. Acetylmethylcarbinol is produced, but 
not indole. The methyl red reaction is negative. Citrate is not 
utilized. No alkali is formed from malonate. Acid is produced 
in a buffered single-substrate test (BSS medium) from D- 
glucose, D-fructose, maltose, D-mannose, lactose, D-galactose, 
Nacetylglucosamine, lactulose, and dextrin, but not from 
trehalose, adonitol, r-arabinose, dulcitol, myo-inositol, D- 
mannitol, p-sorbitol, sucrose, salicin, sorbose, or D-xylose. The 
following activities are present (API ZYM system): alkaline 
phosphatase, acid phosphatase, esterase C4, ester lipase C8, 
leucine, valine arylamidase, cystine arylamidase, naphthol-AS- 


BI-phosphohydrolase, B-galactosidase, o-glucosidase, N-acetyl- 
P-glucosaminidase, o-fucosidase, and trypsin. The following 
are not detected: lipase C14, chymotrypsin, p-glucuronidase, 
o-galactosidase, p-glucosidase, and o-mannosidase. The fol- 
lowing reactions are positive (API ID 32E system): acid from 
glucose, o-glucosidase, B-glucosidase, a-galactosidase, p-galac- 
tosidase, o-maltosidase, lipase, Macetyl-B-glucosaminidase, 
and L-aspartic acid arylamidase. The following reactions are 
negative: arginine dihydrolase, ornithine and lysine decarbox- 
ylase, urease, B-glucuronidase, indole production, and acidifi- 
cation of L-arabitol, galacturonate, 5-ketogluconate, mannitol, 
L-arabinose, p-arabitol, trehalose, rhamnose, inositol, maltose, 
adonitol, palatinose, sucrose, cellobiose, and sorbitol. The 
major fatty acid components of all strains examined are C 
iso (~34%), Ciso (~3%), Ciso iso (74196), C 


13:0 


15:0 15:9 ANtelso (~3%), 


Ciso iso 3-OH (~6.5%), Ciso OH (~4%) and C,,, iso 3-OH 
(~6.5%). 

Source: the type strain was isolated from a Pekin duck in 
Germany. 


DNA G+C content (mol % ): 35-36 (T). 

Type strain: 1502-91, CCUG 46148, CIP 106119, LMG 
14382. 

Sequence accession no. (16S rRNA gene): Y17612. 

Additional remarks: Coenonia anatina was previously known 
as Riemerella anatipestiferlike taxon 1502 (Hinz et al., 1998). 
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Genus XIII. Costertonia Kwon, Lee and Lee 2006b, 1352"? 


THE EpiroRIAL BOARD 


Cos.ter.to'ni.a. N.L. fem. n. Costertonia named after J.W. Costerton, a famous American biofilm 


microbiologist. 


Rods, 0.35-0.41 x 0.50-0.57 jum, but sometimes they can some- 
times be longer than 4 pm. Cells form irregular aggregates dur- 
ing growth in liquid media. Motile. Gliding motility is absent. 
Gram-stain-negative. Aerobic. Colonies are orange on marine 
agar due to non-diffusible carotenoid pigments. Flexirubin-type 
pigments are absent. Optimal growth occurs at pH 7.5-8.0 and 
26-32°C. NaCl, Ca*', and K* are all required for growth. Nitrate 
is reduced to N,. Oxidase- and catalase-positive. The major 
respiratory quinone is MK-6. The major cellular fatty acids are 
Cso iso, C,,, iso, and C; 

DNA G+C content (mol %): 85.8 (T). 

Type species: Costertonia aggregata Kwon, Lee and Lee 2006b, 
1352V*. 


Enrichment and isolation procedures 


Costertonia aggregata was isolated from a mature marine bio- 
film, including various marine algae, covering a rock-bed of 
the East Sea (Sea of Japan), Korea. A sample of biofilm was 
obtained with a razor blade and dispersed in sterile seawater. 
The dispersed biofilm was serially diluted in sterile seawater 
and the dilutions were spread onto marine agar 2216 (Difco). 


After incubation for 1 week at 25°C, a small orange colony was 
selected and propagated on marine agar. 

Preservation can be accomplished in 20% glycerol solution 
at -80*C. 


Differentiation of the genus Costertonia from related genera 


Unlike Maribacter (91.2-92.4% 16S rRNA gene sequence similar- 
ity), Zobellia (90.7-91.5%), and Muricaudaspecies, Costertonia has 
a requirement not only for Nat, but also for other components 
of seawater, i.e., Ca™ and K+. It also contains a larger amount of 
C; iso fatty acid. The DNA G+C content of Costertonia is lower 
than that of Muricauda (35.8 mol% vs 41—45.4 mol%), and 
Muricauda species fail to hydrolyze gelatin and reduce nitrate. 
Unlike Costertonia species, Zobellia species hydrolyze agar and, 
in contrast to both Maribacter and Zobellia, the single Costertonia 
species does not exhibit gliding motility. 


Taxonomic comments 


16S rRNA gene sequence analysis has shown that Costertonia aggre- 
gata is related to members of the genera Maribacter (91.2-92.4% 
similarity), Zobellia (90.7-91.5%), and Muricauda (90.7-91.4%). 


List of species of the genus Costertonia 


1. Costertonia aggregata Kwon, Lee and Lee 2006b, 1352” 
ag.gre.ga'ta. L. fem. adj. aggregata joined together, referring 
to the formation of aggregates during cultivation in liquid 
media. 


Characteristics are as described for the genus, with the fol- 
lowing additional features. Growth occurs at 10-35°C, pH 
6.5-9.0, and with 1.5-12.0% sea salts. Nitrate is reduced to N, 
(API 20 E test strip). Positive for B-glucosidase, B-galactosidase, 
urease, arginine dihydrolase, and protease. The following sub- 
strates can be used as carbon sources: acetic acid, Nacetyl-p-ga- 
lactosamine, N-acetyl-b-glucosamine, cisaconitic acid, adonitol, 
alaninamide, p-alanine, L-alanine, L-alanyl-glycine, y-aminobu- 
tyric acid, 2-aminoethanol, L-arabinose, r-arabitol, L-asparag- 
ine, L-aspartic acid, bromosuccinic acid, cellobiose, citric acid, 
dextrin, L-erythritol, D-fructose, L-fucose, D-galactonic acid 
lactone, D-galactose, D-galacturonic acid, gentiobiose, p-glu- 
conic acid, o-p-glucose, glucose 1-phosphate, glucose 6-phos- 
phate, glucuronamide, b-glucuronic acid, r-glutamic acid, 


glycerol, pr-o-glycerol phosphate, glycogen, glycyl L-aspartic 
acid, glycyl r-glutamic acid, p-hydroxybutyric acid, L-histidine, 
y-hydroxybutyric acid, phydroxyphenylacetic acid, hydroxy-L- 
proline, inosine, myo-inositol, o-ketoglutaric acid, o-ketovaleric 
acid, pr-lactic acid, a-p-lactose, lactulose, r-leucine, malonic 
acid, maltose, p-mannitol, D-mannose, melibiose, methyl B-p- 
glucoside, methyl pyruvate, r-ornithine, phenylethylamine, 
L-proline, propionic acid, putrescine, L-pyroglutamic acid, 
quinic acid, raffinose, L-rhamnose, D-saccharic acid, D-serine, 
L-serine, D-sorbitol, succinic acid, sucrose, L-threonine, treha- 
lose, turanose, Tweens 40 and 80, uridine, urocanic acid, and 
xylitol as sole carbon sources. The dominant fatty acids are C 
iso (39.7%), C., iso O10 (22.4%), C 
(4.6%). 

Source: isolated from a mature marine biofilm covering a 
rock-bed of the East Sea (Sea of Japan), Korea. 

DNA G+C content (mol %): 85.8 (T). 

Type strain: KOPRI 13342, JCM 13411, KCCM 42265. 

Sequence accession no. (16S rRNA gene): DQ167246. 
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Genus XIV. Croceibacter Cho and Giovannoni 2003, 935"? (Effective publication: Cho and Giovannoni 2003, 82.) 


JANG-CHEON CHo AND STEPHEN J. GIOVANNONI 


Cro.cei.bac'ter. L. adj. croceus saffron-colored; N.L. masc. n. bacter rod; N.L. masc. n. Croceibacter saffron- 


colored rod shaped bacterium. 


Rod-shaped cells with rounded ends. Gram-stain-negative. Non- 
motile and no gliding motility. Aerobic, mesophilic, and chemo- 
heterotrophic. Endosporesare not produced. Carotenoid pigments 
are produced, but not flexirubin pigments. NaCl is required for 
growth. Gelatin, DNA, starch, casein, and elastin are degraded. 


The major fatty acid types are branched acids and hydroxy acids, 
including C; 3-OH iso, C,, , iso, C... iso, and C,,, @9c iso. 

DNA G+C content (mol % ): 34.8. 

Type species: Croceibacter atlanticus Cho and Giovannoni 2003, 
935V" (Effective publication: Cho and Giovannoni 2008, 82.). 
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Further descriptive information 


Phylogenetic analyses based on 16S rRNA gene sequences show 
that the genus forms a distinct monophyletic clade with several 
uncultured environmental clones and belongs to the family 
Flavobacteriaceae. 

Cells of Croceibacter are nonmotile, straight rod-shaped cells, 
approximately 1.9 pm long and 0.4 pm wide, dividing by binary 
fission. Transmission electron microscopy has shown that the cells 
lack flagella, endospores, intracellular granules, and vacuoles. 

Colonies of Croceibacter can be seen easily on marine agar 
2216 after 2 d culture at 25°C. They are 1.8-3.0 mm in diam- 
eter, bright orange or saffron-colored, uniformly circular, 
convex, opaque, and with a smooth surface after 5 d at 25°C. 
The major fatty acid types in the cell membrane are branched 
acids (38.9%) and hydroxy acids (41.1%). The predominant 
fatty acids are C,, , 3-OH iso (28.0%), C,., iso (13.3%), C,.., iso 
(9.2%), and C,.., m9ciso (9.4%). 

Organisms are obligately aerobic, mesophilic, NaCl-requir- 
ing chemoheterotrophs. The temperature, pH, and NaCl con- 
centration ranges for growth are 10-28*C (optimum, 20-23*C), 
pH 6.0-10.0 (optimum, pH 7.5-8.0), and 0.5-15% (w/v) NaCl 
(optimum, 3.0%). The type strain of Croceibacter atlanticus is 
catalase-positive and oxidase-negative. Urease and arginine 
dehydrolase activities are present. It is negative for indole pro- 
duction and denitrification activity and does not produce acid 
from glucose. It produces carotenoid pigments with wavelength 
absorbance spectral peaks at 318 and 483 nm. Photosynthetic 
gene clusters, bacteriochlorophyll a, and photosynthetic activity 
are not found in the Croceibacter atlanticus type strain. The only 
Croceibacter species identified thus far can degrade several high 
molecular mass compounds, including gelatin, DNA, starch, 
casein, and elastin after prolonged incubation for 2 weeks, but 
cannot degrade esculin, dextran, cellulose, alginate, chitin, or 
carrageenan. According to sole carbon source utilization tests, 
Croceibacter strains utilize a variety of carbohydrates, sugar alco- 
hols, organic acids, and amino acids as sole carbon sources. The 
type strain of Croceibacter atlanticus, the type species of the genus, 
utilizes DL-glyceraldehyde, p-arabinose, D-galactose, D-fructose, 
trehalose, maltose, melezitose, D-mannose, D-mannitol, D-sorb- 
itol, pyruvic acid, succinic acid, gluconic acid, L-glutamic acid, 
L-ornithine, L-proline, L-alanine, L-serine, and L-leucine as sole 
carbon sources. 

The type strain of Croceibacter atlanticus is susceptible to 
chloramphenicol, nalidixic acid, tetracycline, erythromycin, 
vancomycin, rifampin, and benzylpenicillin, but resistant to 
kanamycin, carbenicillin, streptomycin, ampicillin, puromycin, 
gentamicin, and cycloheximide. 


Enrichment and isolation procedures 


The original liquid culture of Croceibacter atlanticus HTCC2559T 
was obtained at a depth of 250 m from the Sargasso Sea by high 
throughput culturing techniques (Connon and Giovannoni, 
2002) using a low nutrient heterotrophic medium [LNHM, 


FAMILY I. FLAVOBACTERIACEAE 


consisting of filtered (0.2 pm pore diameter) and autoclaved 
seawater amended with 1.0 pM NH,CI and 0.1 pM KH,PO,] 
supplemented with 0.001% (w/v) of each of p-glucose, p-ribose, 
succinic acid, pyruvic acid, glycerol, and N-acetyl-p-glucosamine, 
and 0.002% (v/v) ethanol (Rappé et al., 2002). Single colonies 
of the strain were obtained easily by spreading the liquid culture 
on marine agar 2216 after incubation for 5 d at 25°C. Therefore, 
it is likely that Croceibacter can be obtained by spreading seawater 
on marine agar using a serial dilution plating method. 


Maintenance procedures 


Frozen stocks as glycerol suspensions (10% glycerol) in liquid 
nitrogen or at —70°C are routinely used to start a new culture. 
Either colonies (scraped from the surface of agar media) or 
broth cultures can be used for preparing glycerol stocks. Lyo- 
philization of liquid cultures is also recommended for long- 
term storage. Frozen stocks and lyophilization stocks are stable 
for at least 2 years (confirmed by survival tests). Working stock 
cultures can be maintained at 4°C only for 3 weeks, so frequent 
subculturing is required for short-term storage. 


Differentiation of the genus Croceibacter 
from other genera 


The physiological property of the genus that best differentiates 
it from related genera is its growth temperature range. The type 
strain of Croceibacter atlanticus does not grow at either 4^C or 
30°C, which differentiates it from other genera in the family 
Flavobacteriaceae. Psychrophilic members of the lavobacteriaceae 
grow at 4°C, but not 30*C, and other members of the family 
cannot grow at 4°C, but do grow at 30°C or higher. The genus 
Croceibacter can also be differentiated from the genera Aequoriv- 
ita and Arenibacter by its different cellular fatty acid profiles and 
macromolecule degradation patterns. 


Taxonomic comments 


The genus Croceibacter currently contains only one species, Cro- 
ceibacter atlanticus. Phylogenetic analyses based on 16S rRNA 
gene sequences using different treeing algorithms (distance 
analyses, maximum-parsimony, and maximum-likelihood) have 
shown that the genus belongs to the family Flavobacteriaceae in 
the phylum Bacteroidetes. 16S rRNA gene sequence similarities 
to members of the genera Leeuwenhoekiella, Aequorivita, Psychros- 
erpens, and Arenibacter in the family Flavobacteriaceae are only 
88-92%. Because of these low sequence similarities, the genus 
Croceibacter forms a very distinct clade within the family. Classifi- 
cation of Croceibacteras a genus of the family is based not only on 
16S rRNA gene sequence analysis, but also on phenotypic and 
chemotaxonomic properties. 

The type strain of Croceibacter atlanticus is most closely related 
to several as-yet-uncultured environmental clones retrieved 
from sea-ice, arctic deep-sea water, and coastal mud by high 
similarity values (98.5-99.5%), indicating that the major habi- 
tat of the genus Croceibacter is marine environments. 


List of species of the genus Croceibacter 


1. Croceibacter atlanticus Cho and Giovannoni 2003, 935% 
(Effective publication: Cho and Giovannoni 2003, 82.) 


atlan'ti.cus. L. masc. adj. atlanticus of the Atlantic Ocean, 
referring to the isolation of the species from the Atlantic 
Ocean. 


Characteristics of the species are as described for the genus. 
Source: marine environments. 

DNA G«C content (mol % ): 34.8 + 0.1 (HPLC). 

Type strain: HTCC2559, ATCC BAA-628, KCTC 12090. 
Sequence accession no. (16S rRNA gene): AY163576. 


GENUS XVI. DONGHAEANA 


201 


Genus XV. Dokdonia Yoon, Kang, Lee and Oh 2005a, 2326"? 


THE EpiroRIAL BoARD 


Dok.do'ni.a. N.L. fem. n. Dokdonia named after Dokdo, an island located on the East Sea in Korea, from 


where the organisms were isolated. 


Rods, 0.3-0.6 x 1.5-5.0 pm. Nonmotile. Gliding motility does 
not occur. Nonsporeforming. Gram-stain-negative. Strictly 
aerobic. Colonies are yellow. Catalase- and oxidase-positive. 
Growth does not occur in the absence of NaCl. Nitrate is not 
reduced. Casein is hydrolyzed, but not agar and starch. Acid is 
not formed from a variety of carbohydrates. The major fatty 
acids are C; iso, C, 3-OH iso, and G... iso. The predominant 
menaquinone is MK-6. Isolated from seawater. 

DNA G+C content (mol % ): 38 (HPLC). 

Type species: Dokdonia donghaensis Yoon, Kang, Lee and Oh 
2005a, 2326. 


Enrichment and isolation procedures 

Dokdonia donghaensis was isolated from seawater by standard 
dilution plating techniques on marine agar 2216 (MA; Difco) 
with incubation at 25°C, 


Differentiation of the genus Dokdonia 
from related genera 


Dokdonia differs from Cellulophaga by its lack of gliding motility, 
its failure to hydrolyze agar and starch, and its inability to form 
acid from any of a large variety of carbohydrates. 


Taxonomic comments 


As indicated by 16S rRNA gene sequence analysis by Yoon et al. 
(2005a), the nearest neighbors of Dokdonia are species of the 
genus Cellulophaga (90.4—92.2% sequence similarity). Dokdonia 
showed less than 91.7% similarity to the other species of the 
Flavobacteriaceae. 

Yoon et al. (20052) reported that the two available strains of 
Dokdonia donghaensis exhibited a mean DNA-DNA relatedness 
level of 78%. 


List of species of the genus Dokdonia 


1. Dokdonia donghaensis Yoon, Kang, Lee and Oh 2005a, 
2326." 
dong.ha.en'sis. N.L. fem. adj. donghaensis of or belonging to 
Donghae, the Korean name of the East Sea of Korea, where 
Dokdo is located and from where the organism was isolated. 


The description is as given for the genus, with the follow- 
ing additional features. Colonies on MA are circular, slightly 
convex, glistening, smooth, yellow, and 1.0-2.0 mm in diam- 
eter after 3 d at 30°C. Growth occurs at 4 and 35°C and 
optimum growth is at 30°C; no growth occurs at 36°C. Opti- 
mum pH is 7.0-8.0; growth occurs at pH 5.5, but not at 5.0. 
Optimal growth occurs in the presence of 2% (w/v) NaCl; 
no growth occurs in the presence of 7% NaCl. Anaerobic 
growth does not occur on MA or on MA supplemented with 
nitrate. Esculin and Tween 60 are hydrolyzed, but not hypox- 
anthine or xanthine. Indole and H,S are not produced. 
Arginine dihydrolase, lysine decarboxylase, ornithine decar- 
boxylase, and tryptophan deaminase are absent. The follow- 
ing enzyme activities are present (API ZYM system): alkaline 
phosphatase, esterase (C4), esterase lipase (C8), leucine 
arylamidase, and valine arylamidase. Negative for N-acetyl-B- 
glucosaminidase, acid phosphatase, a-chymotrypsin, cystine 
arylamidase, o-fucosidase, a-galactosidase, p-galactosidase, 


a-glucosidase, B-glucosidase, p-glucuronidase, lipase (C14), 
a-mannosidase, naphthol-AS-BI-phosphohydrolase, and 
trypsin activities. Growth occurs on peptone and tryptone as 
sole carbon and nitrogen sources, but not on DL-aspartate, 
Casamino acids, p-cellobiose, D-fructose, D-galactose, D- 
glucose, L-glutamate, L-leucine, L-proline, D-ribose, sucrose, 
or trehalose. No acid is produced from L-arabinose, D- 
cellobiose, D-fructose, D-galactose, D-glucose, myo-inositol, lac- 
tose, maltose, D-mannitol, D-mannose, melibiose, raffinose, 
L-rhamnose, D-ribose, sucrose, trehalose, D-sorbitol, or 
p-xylose. Susceptible to carbenicillin, cephalothin, chloram- 
phenicol, lincomycin, oleandomycin, penicillin G, and tet- 
racycline, but not to ampicillin, polymyxin B, gentamicin, 
novobiocin, kanamycin, neomycin, and streptomycin. The 
major fatty acids (>10% of total fatty acids) are C,., iso, C; 
3-OH iso, and C, iso. The major polar lipids are phosphati- 
dylethanolamine, unidentified phospholipids, an unidenti- 
fied glycolipid, and an amino-group-containing lipid that is 
ninhydrin-positive. 

Source: the type strain was isolated from seawater collected 
near Dokdo Island, Korea. 

DNA G+C content (mol96): 38 (HPLC). 

Type strain: DSW-1, DSM 17200, KCTC 12391. 

Sequence accession no. (16S rRNA gene): DQ003276. 


Genus XVI. Donghaeana Yoon, Kang, Lee and Oh 2006c, 190"? 


THE EpiroRIAL BoARD 


Dong.hae.a'na. N.L. n. Donghae the Korean name of the East Sea in Korea; L. fem. suff. -ana suffix used 
with the sense of belonging to; N.L. fem. adj. used as a substantive Donghaeana pertaining to the East Sea 


of Korea, where the island of Dokdo is located. 


Rods or elongated rods, 0.4—0.6 x 1.0-30.0 pm. Nonmotile. 
Gliding motility is not present. Nonsporeforming. Gram- 
stain-negative. Strictly aerobic. Growth does not occur in the 
absence of NaCl. Nitrate is not reduced. Anaerobic growth 
does not occur with nitrate. Casein, starch, and Tweens 20 and 


40 are hydrolyzed, but not agar, gelatin, or urea. B-Galacto- 
sidase and a-glucosidase are not produced. Acid is not pro- 
duced from glucose or maltose. Glucose and sucrose are not 
utilized. The predominant menaquinone is MK-6. The major 
polar lipids are phosphatidylethanolamine, unidentified 


202 


phospholipids, and amino-group-containing lipids that are 
ninhydrin-positive. 

DNA G+C content (mol % ): 36.9. 

Type species: Donghaeana dokdonensis Yoon, Kang, Lee and 
Oh 2006c, 190%. 


Enrichment and isolation procedures 


Donghaeana dokdonensis was isolated from seawater by a standard 
dilution plating technique on marine agar 2216 (MA; Difco) 
with incubation at 20°C. 


Differentiation of the genus Donghaeana from related genera 


Donghaeana is similar to Nonlabens in many characteristics, but 
differs in its inability to grow at 37°C, its hydrolysis of casein, 


FAMILY |. FLAVOBACTERIACEAE 


but not gelatin, its inability to utilize glucose and sucrose, and 
a higher DNA G+C content (36.9 mol% vs 33.6 mol%). Dong- 
haeana differs from Stenothermobacter by its lack of gliding motil- 
ity, the absence of f-galactosidase and a-glucosidase activities, 
its hydrolysis of casein, but not gelatin, its inability to utilize 
glucose and sucrose, and a slightly lower DNA G+C content 
(36.9 mol% vs 41.0 mol%). 


Taxonomic comments 


Using 16S rRNA gene sequence analysis, the nearest neighbors 
of Donghaeana dokdonensis are Nonlabens tegetincola and Stenother- 
mobacter spongiae, with sequence similarity values of 93.3-98.2% 
(Yoon et al., 2006c). 


List of species of the genus Donghaeana 


1. Donghaeana dokdonensis Yoon, Kang, Lee and Oh 2006c, 
190%? 
dok.do.nen'sis. N.L. fem. adj. dokdonensis of or belonging to 
Dokdo, a Korean island, where the type strain was isolated. 


Characteristics are as described for the genus, with the 
following additional features. After 3 d at 25°C, colonies on 
MA are 0.8-1.4 mm in diameter, circular, convex, glisten- 
ing, smooth, and orange. Temperature range for growth is 
4—32*C; optimum is 25°C. Optimum pH is 7.0-8.0; growth 
occurs at pH 5.5, but not pH 5.0. Optimal NaCl concentration 
is 2%; no growth occurs at >8% NaCl. Esculin and Tween 60 
are hydrolyzed, but hypoxanthine, xanthine, and r-tyrosine 
are not. Indole is not produced. Arginine dihydrolase, lysine 
decarboxylase, ornithine decarboxylase, and tryptophan 
deaminase are absent. The following enzymes are present 
(API ZYM system): esterase (C4), esterase lipase (C8), leu- 
cine arylamidase, valine arylamidase, acid phosphatase, and 
naphthol-AS-BI-phosphohydrolase. The following are not 
present: Nacetyl-p-glucosaminidase, o-chymotrypsin, cystine 


arylamidase, a-fucosidase, o-galactosidase, D-glucuronidase, 
a-glucosidase, B-glucosidase, lipase (C14), o-mannosidase, 
and trypsin. Growth occurs on peptone and tryptone as sole 
carbon and nitrogen sources, but no growth occurs on DL- 
aspartate, Casamino acids, cellobiose, D-fructose, D-galac- 
tose, L-glutamate, L-leucine, L-proline, D-ribose, or trehalose. 
No acid is produced from L-arabinose, D-fructose, p-galac- 
tose, myo-inositol, lactose, D-mannitol, D-mannose, melezi- 
tose, melibiose, raffinose, L-rhamnose, p-ribose, D-sorbitol, 
sucrose, trehalose, or D-xylose. Susceptible to chlorampheni- 
col, cephalothin, novobiocin, and lincomycin, but not to pol- 
ymyxin B, ampicillin, gentamicin, kanamycin, or neomycin. 
The major fatty acids (>10% of total fatty acids) are C 
(19.2%), C; anteiso (11.1%), C 
Cpo (10.296). 

Source: the type strain was isolated from seawater. 

DNA G+C content (mol % ): 36.9 (HPLC). 

Type strain: DSW-6, DSM 17205, KCTC 12402. 

Sequence accession no. (16S rRNA gene): DQ017065. 
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Genus XVII. Elizabethkingia Kim, Kim, Lim, Park and Lee 2005b, 1291"? 


Brita BRUUN AND JEAN-FRANGOIS BERNARDET 


E.liz.a.beth.kin'gi.a. N.L. fem. n. Elizabethkingia named in honor of Elizabeth O. King, who first described 
bacteria associated with infant meningitis, notably [Flavobacterium] meningosepticum in 1959. 


Straight, single rods with rounded ends, typically 0.5 pm 
wide and variable in length, often forming filaments. Do 
not form endospores. Spherical degenerative forms do not 
appear in ageing liquid cultures. Nonmotile. Flagellar motil- 
ity, gliding movement, and swarming growth have not been 
reported. Colonies are typically nonpigmented or weakly yel- 
low pigmented, circular, convex, smooth and shiny, with entire 
edges, and up to 2 mm in diameter. À strong aromatic odor 
is produced. Gram-stain-negative. Obligately aerobic, having 
a strictly respiratory type of metabolism with oxygen as the 
terminal electron acceptor. Nitrate is not reduced. Chemo- 
organotrophic. Growth occurs at 22-37°C, but not at 5 or 
42*C. Growth occurs readily on the usual commercial media. 
No growth factors are required. Growth on seawater media is 
possible. Growth on cetrimide and MacConkey agars is slow 


and weak, but is also strain-dependent. Catalase, oxidase, 
phosphatase, and f.-galactosidase activities are present. Acid, 
but no gas, is produced from a number of carbohydrates in 
media with low peptone concentrations. Strong proteolytic 
activity occurs. Esculin, gelatin, and casein are hydrolyzed, but 
agar is not. Malonate is not utilized. Resistant to a wide range 
of antimicrobial agents. Menaquinone MK-6 is the predomi- 
nant respiratory quinone. Predominant cellular fatty acids 
are Czo iso, C,,, iso 3-OH, C, iso m9c, and summed feature 
4 (comprising C,., iso 2-OH and/or C,,, 07c/t). As they are 
ubiquitous in soil and freshwater, strains of Elizabethkingia 
meningoseptica occasionally occur in the hospital environment 
and clinical specimens; they are opportunistic pathogens of 
humans and various animals. 
DNA G+C content (mol 96): 35.0—38.2. 


GENUS XVII. ELIZABETHKINGIA 


Type species: Elizabethkingia meningoseptica (King 1959) Kim, 
Kim, Lim, Park and Lee 2005b, 1291? (Flavobacterium menin- 
gosepticum King 1959, 247; Chryseobacterium meningosepticum Van- 
damme, Bernardet, Segers, Kersters and Holmes 1994a, 830). 


Further descriptive information 


The genus Zlizabethkingia, which contains Elizabethkingia menin- 
goseptica, the most important clinical species of the family Fla- 
vobacteriaceae, and Elizabethkingia miricola (Li et al., 2003a), was 
recently separated from the genus Chryseobacterium (Kim et al., 
2005b). However, members of the two genera still share a very 
considerable number of phenotypic features, as well as most 
of their taxonomic history (Bernardet et al., 2006). Hence, 
this chapter will focus on the few differential characteristics 
between Elizabethkingia and Chryseobacterium and readers are 
invited to refer to the Chryseobacterium chapter in this volume 
of the Manual. In particular, the phylogenetic tree (Figure 40) 
and the tables showing fatty acid composition (Table 43) and 
phenotypic characteristics (Table 44) that appear in the Chry- 
seobacterium chapter all include the two Elizabethkingia species as 
well as the closest phylogenetic relatives of the two genera; they 
will consequently not be repeated here. 


Phylogenetic position. Analysis of 16S rRNA gene sequences 
shows that the genus Elizabethkingia belongs to the family Fla- 
vobacteriaceae, phylum Bacteroidetes. Interspecific 16S rRNA gene 
sequence similarity values may be higher than 98%. Together 
with the genera Chryseobacterium, Riemerella, Bergeyella, Kaistella, 
Sejongia, Ornithobacterium, Empedobacter, and Weeksella, Elizabeth- 
kingia belongs to the smaller of the two well-defined clades in 
the family (see Figure 40 in the treatment of Chryseobacteriwum in 
this volume). In contrast to most members of the larger clade, 
it shares with these genera a number of significant traits, such as 
halophilic and psychrophilic characteristics and the absence of 
gliding motility. Most nonpigmented and pathogenic members 
of the family belong to the smaller clade. 

The separate position of [Chryseobacterium] meningosepticum 
compared to the other Chryseobacterium species was established 
in 1994 when the genus Chryseobacterium was described (Van- 
damme etal., 1994a) following extensive phylogenetic investiga- 
tions (Bauwens and De Ley, 1981; Mudarris et al., 1994; Segers 
etal., 1993a) of members of the phylogenetic branch that would 
eventually become the family Flavobacteriaceae (Bernardet et al., 
1996). However, because of the low resolution of the technique 
used at that time (i.e., DNA-rRNA hybridization) and because 
the number of shared characteristics far exceeded that of dif- 
ferential ones, it was decided to include the organism known 
as [Flavobacterium] meningosepticum (which grouped strains 
previously known as CDC group Ila) in the new genus Chry- 
seobacterium, while acknowledging that it was the most aberrant 
member of the genus and consequently not a good candidate 
for the type species (Vandamme et al., 1994a). In 2008, a novel 
species [ Chryseobacterium] miricola (Li et al., 2003a) was shown 
to share the separate position of [Chryseobacterium] meningosep- 
licum that had been confirmed and determined more precisely 
in the meantime using 16S rRNA gene sequence analysis. As 
shown in Figure 40 in the Chryseobacteriun chapter and in other 
published phylogenetic trees (Bernardet et al., 2006; de Beer 
et al., 2005; Kim et al., 2005b; Li et al., 2003a), [ Chryseobacte- 
rium] meningosepticum and [ Chryseobacterium] miricola are not the 
closest relatives of the genus Chryseobacterium according to 16S 
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rRNA gene sequence analysis as the three branches comprising 
(i) the genera Riemerella and Bergeyella, (ii) the two Sejongia spe- 
cies, and (iii) Kaistella koreensis fall in between. 

Polyphasic investigation of six strains received as [ Chryseobac- 
terium]  meningosepticum and of the [Chryseobacterium] miricola 
type strain by Kim et al. (2005b) showed that members of the 
two species share 97.8-98.4% 16S rRNA gene sequence similar- 
ity with each other and only approximately 91-94% sequence 
similarity with the other Chryseobacterium species; these values 
are similar to those reported in the description of [ Chryseobacte- 
rium] miricola (Li et al., 20032). The proposal of the new genus 
Elizabethkingia to accommodate [Chryseobacterium] meningosep- 
ticum and [Chryseobacterium] miricola was based on their phy- 
logenetic distance to other Chryseobacterium species, as well as 
on differences in fatty acid profiles and a few phenotypic fea- 
tures (Kim et al., 2005b). The results of DNA-DNA hybridiza- 
tion experiments between and among members of the genera 
Elizabethkingia and Chryseobacterium have been reviewed recently 
(Bernardet et al., 2006). 


Cell morphology. Cells of Elizabethkingia occur as straight 
rods of variable length, often 1.0-3.0 um long and about 0.5 pm 
wide, with rounded ends and parallel sides. Filament formation 
is environmentally influenced and occurs in broth cultures, old 
cultures, and clinical specimens, such as cerebrospinal fluid. 
The presence of a capsule has been reported in some Elizabethk- 
ingia meningoseptica strains following their passage on mice (Hol- 
mes et al., 1984a). In contrast to members of some other genera 
in the family Flavobacteriaceae (e.g., Flavobacterium, Gelidibacter, 
Tenacibaculum, and Polaribacter, see the chapter Family Flavobac- 
teriaceae in this volume), Elizabethkingia strains do not produce 
spherical degenerative forms in ageing liquid cultures. Also, in 
contrast to many members of the family, cells of Elizabethkingia 
species are devoid of gliding motility. 


Cell-wall composition. Table 43 of the Chryseobacterium 
chapter in this volume presents the fatty acid composition of 
members of the genus Elizabethkingia and of related genera. 
The fatty acid compositions of the two Elizabethkingia species as 
determined by Kim et al. (2005b) are similar. It is important to 
note that the fatty acid profiles of the two Elizabethkingia miricola 
strains reported in this study differ significantly from the com- 
position given previously for the type strain (Li et al., 2003a). 
Whether these discrepancies result from different growth 
conditions cannot be demonstrated since conditions are not 
specified or incompletely specified in the corresponding publi- 
cations. Although Elizabethkingiastrains contain mainly the same 
fatty acids as other members of the clade, differences in the 
proportions of some components allow strains to be differenti- 
ated from Chryseobacterium, Empedobacter, Riemerella, Sejongia, Kai- 
stella, and Bergeyella strains, which all display rather distinct fatty 
acid compositions (Bernardet et al., 2006; Hugo et al., 1999). 
Compared with these organisms, strains of Elizabethkingia con- 
tain rather low amounts of C,,, iso @9c and a high proportion 
of summed feature 4 (comprising C; iso 2-OH and/or C,,, 
07 c/ t). Branched-chain fatty acids account for 80% and 88% of 
all fatty acids in Elizabethkingia meningoseptica and Elizabethkingia 
miricola, respectively (Li et al., 2003a; Yabuuchi et al., 1983). As 
for other members of the family Flavobacteriaceae, the fatty acid 
profile is mainly a chemotaxonomic marker at the genus level 
(Bernardet and Nakagawa, 2006). 
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Fine structure. No study specifically investigating the fine 
structure of Elizabethkimgia menimgoseptica cells has been pub- 
lished. Electron micrographs of the bacterium in samples of 
infected mice lungs were obtained recently in the course of a 
study evaluating the virulence mechanisms of Elizabethkingia 
meningoseptica on a murine pulmonary infection model (Lin 
et al., 2006) (see below, section Pathogenicity). Micrographs 
revealed the usual structure common to all Gram-stain-negative 
bacteria, but it was not possible to assess whether cells of Eliza- 
bethkingia meningoseptica displayed the thick cell wall reported in 
some Chryseobacterium species (see the corresponding chapter 
in this volume). 


Colonial or cultural characteristics. Colonies of Elizabethk- 
ingia strains are circular, convex, translucent to opaque, smooth, 
and shiny, with entire edges. Similar to the colonies of many 
Chryseobacterium strains, their butyrous consistency turns mucoid 
after a few days of incubation (Kim et al., 2005b). Colonies of 
Elizabethkingia miricola are very sticky on solid media (Kim et al., 
2005b). Broth cultures are usually uniformly turbid. 

On commonly used media such as tryptic soy, blood, and 
nutrient agars, colonies are usually nonpigmented (i.e., white 
to creamy-white) or very pale yellow. Colonies of Elizabethkingia 
miricola are “white-yellow” according to Li et al. (2003a) and 
Kim et al. (2005b). The latter authors also described as white- 
yellow the colonies of the five Elizabethkingia meningoseptica 
strains they studied. Production of pigment by Elizabethkingia 
meningoseptica is strain-dependent; however, a weak yellow pig- 
ment occurs in the DNA groups containing the neonatal menin- 
gitis and bacteremia strains, whereas the other DNA groups are 
nonpigmented (see below; Bruun and Ursing, 1987). The type 
of pigment produced weakly by some Elizabethkingia strains is 
discussed below. The production of a diffusible, pinkish-brown 
melanic pigment on tyrosine agar by Elizabethkingia meningosep- 
lica is strain-dependent (Bernardet et al., 2005). No hemolysis 
occurs on blood agar, but the medium may show a green discol- 
oration (Holmes et al., 19842). 

Although no particular odor was reported for strains of 
Elizabethkingia meningoseptica (Bruun and Ursing, 1987; Holmes 
et al., 1984a; Kim et al., 2005b; Li et al., 2003a) and Elizabethk- 
ingia miricola (Kim et al., 2005b; Li et al., 2003a), all Elizabeth- 
kingia meningoseptica strains studied were found to give off a 
rather strong aromatic odor similar to that of Chryseobacterium 
strains (J.-F. Bernardet, unpublished data; B. Bruun, unpub- 
lished data). 


Nutrition and growth conditions. Elizabethkingia strains grow 
readily on various commercially available media such as blood, 
tryptic soy, brain-heart infusion (BHI), and nutrient agars. Vis- 
ible colonies (1.0-1.5 mm in diameter) appear within 24 h on 
nutrient agar. Growth of Elizabethkingia meningoseptica on Mac- 
Conkey agar varies among strains (Holmes et al., 1984b; Weyant 
et al., 1996). Growth of the Elizabethkingia miricola type strain 
on MacConkey agar was described as slow by Li et al. (20032); 
however, Kim et al. (2005b) reported that the two strains of this 
species grow well on this medium. Very slow growth of Eliza- 
bethkingia miricola occurs on cetrimide agar (Li et al., 2003a). 
Growth on B-hydroxybutyrate has been reported for Elizabethk- 
ingia meningoseptica (Holmes et al., 1984a). 

Both species grow in ambient air and at temperatures of 
22-37°C. Growth is more limited at room temperature (18-20*C) 
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and no growth is observed at 5 or 42°C. The growth rate of the 
Elizabethkingia miricola type strain on BHI agar plates was similar 
at 30 and 37°C (Li et al., 2003a). The growth curve of several 
Elizabethkingia meningoseptica isolates in Luria broth at 37°C was 
determined by Lin et al. (2006); all strains reached exponential 
phase within 6 h. Strains of the Elizabethkingia meningoseptica DNA 
groups comprising the neonatal meningitis and bacteremia iso- 
lates could grow at 40°C, in contrast to the other DNA groups 
(Bruun and Ursing, 1987); interestingly, these strains were the 
same as those that were weakly pigmented (see above), the 
other strains being unable to grow at 40°C and devoid of pig- 
ment. Some of the Elizabethkingia meningoseptica isolates studied 
by Olsen (1966) grew at up to 41°C, whereas others ceased grow- 
ing at 38°C; the author suggested that this difference could be 
related to the climate in the country of isolation. 

Both Elizabethkingia species are halotolerant — a feature 
observed in members of most Chryseobacterium species. Strains 
of Elizabethkingia meningoseptica are able to grow on marine agar 
2216E (Difco) (Bernardet et al., 2005). The ability to grow in 
the presence of 3% NaCl in broth culture varies among strains. 
The type strain of Elizabethkingia miricola can tolerate seawater 
(Li et al., 20032). 


Metabolism and metabolic pathways. Available data on the 
metabolism of Elizabethkingia meningoseptica mainly result from 
three sources that have included rather extensive collections of 
strains (B. Holmes and R.J. Owen, unpublished data cited by 
Holmes et al., 1984a, b; Bruun and Ursing, 1987; Weyant et al., 
1996). Recent studies have focused on a few Elizabethkingia 
meningoseptica strains and on the only two available strains of 
Elizabethkingia miricola (Bernardet et al., 2005; Kim et al., 2005b; 
Li et al., 2003a). Elizabethkingia strains are chemo-organotrophs 
with a strictly respiratory type of metabolism (Bernardet et al., 
2002, 2006; Vandamme etal., 1994a). The type strain of Elizabeth- 
kingia miricola and all Elizabethkingia meningoseptica strains grow 
well in the presence of 5-10% (v/v) CO, (B. Bruun, unpub- 
lished data; Li et al., 2003a). Members of Elizabethkingia species 
show catalase, oxidase, and phosphatase activities. They also 
produce f-galactosidase, but discrepancies have been reported 
between the different techniques used to test this characteristic 
in Elizabethkingia meningoseptica strains (Bernardet et al., 2005; 
Bruun and Ursing, 1987). 

Table 44 of the Chryseobacterium chapter in this volume pres- 
ents the differential characteristics of members of Elizabethkingia 
and related genera. Elizabethkingia strains demonstrate strong 
proteolytic activity, hydrolyzing casein and gelatin, and produce 
indole from tryptophan (Bernardet et al., 2005; Bruun and 
Ursing, 1987; Weyant et al., 1996). All 149 Elizabethkingia menin- 
goseptica strains studied by the CDC (Weyant et al., 1996) and all 
52 strains studied by Bruun and Ursing (1987) produced indole. 
In the latter study, no strains produced urease, in contrast to the 
study of 49 Elizabethkingia meningoseptica strains by Holmes et al. 
(1984b) and to the CDC’s study (Weyant et al., 1996), where 
the trait varied among strains. The authors attributed the vari- 
able results reported for urease production to methodological 
differences (direct enzymic method versus Christensen’s urea). 
Disagreement exists between Li et al. (2003a) and Kim et al. 
(2005b) as to whether the type strain of Elizabethkingia miricola 
produces indole or not, but they agree on the production of 
urease by the two strains (Kim et al., 2005b; Li et al., 2003a). 
In contrast to the Elizabethkingia miricola type strain (Li et al., 
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2003a), the only three strains of Elizabethkingia meningoseptica 
tested also degrade tyrosine (Bernardet et al., 2005). 

The production of a precipitate on egg yolk agar is strain- 
dependent in Elizabethkingia meningoseptica (Bernardet et al., 
2005); it occurs in the two Elizabethkingia miricola strains 
(Li et al., 2003a). 

Several carbohydrates including D-glucose, D-fructose, 
p-mannitol, mannose, lactose, and maltose are oxidized, but 
cellobiose, rhamnose, raffinose, galactose, sucrose, melezitose, 
salicin, adonitol, dulcitol, sorbitol, and inositol are not oxidized 
(Bruun and Ursing, 1987; Holmes et al., 1984b; Kim et al., 
2005b; Li et al., 2003a; Weyant et al., 1996). Acid production 
from trehalose (number of positive strains/number of strains 
tested is 51/52), melibiose (25/52), p-xylose (9/52), and r-ara- 
binose (3/52) is strain-dependent in Elizabethkingia meningosep- 
tica (Bruun and Ursing, 1987). The two Elizabethkingia miricola 
strains produce acid from trehalose, but not from arabinose or 
xylose (Kim et al., 2005b; Li et al., 2003a). Esculin is hydro- 
lyzed by Elizabethkingia strains, but chitin and agar are not. The 
description of the genus Elizabethkingia states that starch is not 
hydrolyzed (Kim et al., 2005b). Starch hydrolysis was indeed 
listed as negative in the table of phenotypic characteristics of 
Elizabethkingia miricola; yet, it was described as positive in the 
species description (Li et al., 20032). 

Production of H,S was considered negative for all members 
of the genus Elizabethkingia by Kim et al. (2005b), although a 
positive result was reported for the type strain of Elizabethkingia 
miricola by Li et al. (2003a). None of the Elizabethkingia menin- 
goseptica strains studied (Bruun and Ursing, 1987; Holmes et al., 
1984a; Weyant et al., 1996) reduce nitrate; this trait is also nega- 
tive in the two Elizabethkingia miricola strains (Kim et al., 2005b; 
Li et al., 20032). 

In accordance with other members of the family Flavobacte- 
riaceae, Elizabethkingia strains contain no sphingophospholipids 
and menaquinone MK-6 is their only or major respiratory qui- 
none (Bernardet et al., 2002; Kim et al., 2005b). Homosper- 
midine is the major polyamine in Elzabethkingia meningoseptica 
(Hamana and Matsuzaki, 1990), as it is in several Chryseobac- 
terium species and in members of the genera Bergeyella, Orni- 
thobacterium, Riemerella, and Weeksella (Hamana and Nakagawa, 
2001). 

Very few enzymic activities of Elizabethkingia strains that may 
have practical or industrial applications have been reported to 
date. An endoglycosidase activity has been detected in an Eliza- 
bethkingia meningoseptica strain; the availability of the cleavage 
site of this enzyme, named endo F, was extremely variable in the 
different N-linked glycoproteins tested, making endo F a pos- 
sible tool for studying glycans and protein backbones and for 
defining the nature of the glycan/protein interface (Elder and 
Alexander, 1982). This bacterial strain was later shown to actu- 
ally represent a second strain of Elizabethkingia miricola (Kim 
et al., 2005b). The proline-specific endopeptidase produced 
by an Elizabethkingia meningoseptica strain was heterologously 
expressed in Escherichia coli cells and efficient methods were 
devised to purify the enzyme that accumulated in the periplas- 
mic space (Diefenthal and Dargatz, 1995). 

Genetics. After early DNA-DNA hybridization studies of 
[Flavobacterium] meningosepticum strains had shown that the 
type strain shared only 29-65% DNA relatedness with the other 
strains (Owen and Snell, 1976), further studies have confirmed 
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the considerable intraspecific heterogeneity. In an investiga- 
tion of 52 [Flavobacterium] meningosepticum strains (Ursing and 
Bruun, 1987), two main DNA groups were found that were 
about 40-55% interrelated and comprising 4 and 48 strains, 
respectively. The type strain of the species was found in the 
smaller group. Biochemical or physiological characteristics that 
could differentiate the two DNA groups were not found (Bruun 
and Ursing, 1987); therefore, a subdivision of the species was 
not proposed. The larger DNA group was further divided into 
four subgroups when AT, values were taken into consideration; 
25 of the 28 strains in the largest subgroup were invasive neo- 
natal isolates, indicating that the DNA groups defined within 
the species might differ with regard to pathogenic significance 
(Ursing and Bruun, 1987). 

The recent study by Kim et al. (2005b) further confirmed 
the isolated position of the type strain compared to other 
[ Chryseobacterium] meningosepticum strains: although four strains 
shared nearly identical 16S rRNA gene sequences and 90-100% 
DNA-DNA relatedness, the type strain shared about 9896 16S 
rRNA gene sequence similarity with them and a DNA-DNA 
relatedness value of only 31-35%. Again, no phenotypic clue 
was found to support a division of the species. The sixth “[ Chry- 
seobacterium]  meningosepticum" strain studied proved to share 
very high 16S rRNA gene sequence similarity and DNA-DNA 
relatedness values with the [Chryseobacterium] miricola type 
strain, indicating that it actually represents a second strain of 
this species. 

The fact that strains of Elizabethkingia meningoseptica and Eliz- 
abethkingia miricola show only 23-5496 DNA relatedness, while 
sharing 97.8-98.4% 16S rRNA gene sequence similarity (see 
above; Kim et al., 2005b) should be emphasized. The same situ- 
ation occurs between members of the genus Chryseobacterium 
(see the corresponding chapter in this volume). Consequently, 
DNA-DNA hybridization experiments or possibly sequencing 
of a number of household genes (Kuhnert and Korczak, 2006) 
are necessary even when 16S rRNA gene sequence similarities 
between different strains are above the theoretical threshold 
value of 97%. 

The DNA G+C contents of members of the genus are in the 
range 35.0-38.2 mol% (Kim et al., 2005b). In this study, five 
Elizabethkingia meningoseptica strains showed DNA G+C contents 
of 37.2 + 0.6 mol%, in accordance with previous data (Holmes 
et al., 1984a; Ursing and Bruun, 1987). Thanks to the identi- 
fication of a second strain of Elizabethkingia miricola, the G+C 
content for the species was re-evaluated as 35.3 + 0.3 mol%, 
compared to 34.6 mol% as reported previously for the type 
strain (Li et al., 20032). 

Plasmids have not been detected in Elizabethkingia menin- 
goseptica and allied taxa using the single colony lysis technique 
(Owen and Holmes, 1981). 

An invasive neonatal strain and an environmental strain of 
Elizabethkingia meningoseptica selected among the DNA groups 
delineated by Ursing and Bruun (1987) were recently com- 
pared using suppressive subtraction hybridization (Lin et al., 
2006). The genes present specifically in the invasive strain were 
identified, but their function remains unknown as their identity 
to known references and their deduced amino acid sequences 
were low. 

McBride and Baker (1996) and McBride and Kempf (1996) 
demonstrated that genetic manipulation of Elizabethkingia 
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meningoseptica strains is possible by using the genetic tools 
(selectable marker, suicide vector, and transposon) they devel- 
oped to manipulate Flavobacterium johnsoniae. 

Three different molecular typing methods have been used 
so far to type Elizabethkingia meningoseptica clinical isolates 
for epidemiological and taxonomic studies. Ribotyping was 
applied to the collection of 52 strains previously character- 
ized using extensive phenotypic analysis (Bruun and Ursing, 
1987) and DNA-DNA hybridization experiments (Ursing and 
Bruun, 1987) (see above). Ribotyping proved to be a useful 
epidemiological tool because it allowed the differentiation of 
strains within genomic groups and because the similar profiles 
found in isolates originating from the same outbreak (Bruun 
etal., 1989) pointed to a common source of infection (Colding 
et al., 1994). The technique was also found to have taxonomic 
relevance because it was able to identify the DNA groups of 
Ursing and Bruun. In particular, the only three isolates shar- 
ing high DNA relatedness with the type strain also shared with 
it a unique HindIII ribotype. Ribotyping was also applied to 
another collection of 92 isolates of Elizabethkingia meningosep- 
lica whose serotypes had been determined previously (Qui- 
lici and Bizet, 1996). Again, ribotyping clustered the isolates 
belonging to some serotypes (e.g., C, G, and N) and differ- 
entiated strains within other serotypes; however, the different 
banding patterns found in isolates originating from the same 
outbreak suggested different sources of infection. Hence, as 
reported for many other bacterial species, the type of informa- 
tion yielded by ribotyping depends on the restriction enzyme 
(or combination of enzymes) used. 

Pulsed-field gel electrophoresis of bacterial DNAs previously 
subjected to enzymic macrorestriction demonstrated the iden- 
tity of environmental and clinical isolates (Hoque et al., 2001), 
the relapse of a catheter-related bacteremia (Sader et al., 1995), 
and the identity of isolates involved in different outbreaks 
(Green et al., 1999). 

Randomly amplified polymorphic DNA (RAPD) analysis was 
recently evaluated on a collection of Chryseobacterium and Eliza- 
bethkingia fish isolates and reference strains. In contrast to the 
results of 111 phenotypic characteristics and of whole-cell pro- 
tein profiles (SDS-PAGE) that clustered the three included Eliz- 
abethkingia meningoseptica strains, RAPD yielded three different 
profiles, demonstrating that it could probably be used to differ- 
entiate and type larger collections of strains (Bernardet et al., 
2005). On the other hand, multilocus enzyme electrophoresis 
was not able to differentiate between all Chryseobacterium, Eliza- 
bethkingia, and Empedobacter species (Hugo and Jooste, 1997). 


Antigenic structure. Six serovars of Elizabethkingia menin- 
goseptica, A-F, were initially reported from human infections, 
mainly invasive neonatal infections (King, 1959). The most 
commonly found type is serovar C, seen in about two-thirds 
of typed isolates from neonatal infections (Bloch et al., 1997). 
Richard et al. (1979a, b) have described additional serovars, 
G-N, derived from clinical specimens, but not invasive neonatal 
infections. Some of these new serovars (i.e., L, J, and L) actu- 
ally appear to be strains of Empedobacter brevis (Holmes et al., 
1984a). Other investigators have found cross-reactions between 
strains of Elizabethkingia meningoseptica and strains of CDC group 
IIb (containing Chryseobactertum gleum, Chryseobacterium indolo- 
genes, and allied strains) and CDC group If (King, 1959; Owen 
and Lapage, 1974; Price and Pickett, 1981). 
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Antibiotic sensitivity. As observed in Chryseobacterium gleum, 
Chryseobacterium indologenes and other, unnamed members of 
CDC group IIb (see above), Elizabethkingia meningoseptica strains 
are naturally resistant to polymyxins, aminoglycosides (e.g., 
gentamicin, streptomycin), chloramphenicol, and most f- 
lactam antibiotics, including penicillin and ampicillin (Aber 
et al., 1978; Bruun, 1987; Chang et al., 1997; Fraser and 
Jorgensen, 1997; Kirby et al., 2004; Olsen, 1967). Elizabethkingia 
meningoseptica strains produce at least three B-lactamases, two 
unrelated carbapenem-hydrolyzing class B metallo-B-lactamases 
[BlaB (Rossolini et al., 1998) and GOB (Bellais et al., 2000a) ], 
plus a non-inducible extended-spectrum f-lactamase, Ambler 
class A, CME-2 (Bellais et al., 2000b). Consequently, Elizabeth- 
kingia meningoseptica is resistant to carbapenems (imipenem, 
meropenem) and extended spectrum cephalosporins (cefo- 
taxime, ceftazidime, cefepime). Some strains are, however, 
susceptible to ureidopenicillins and piperacillin-tazobactam 
susceptibility ranged from 39 to 70% in two studies (Fraser and 
Jorgensen, 1997; Kirby et al., 2004). Recently, the high levels 
and rates of imipenem resistance in Elizabethkingia meningosep- 
lica isolates from Hangzhou, China, were shown to result from 
the presence of heterogeneous BlaB and/or GOB metallo-B- 
lactamases, as well as from other, undefined mechanisms of car- 
bapenem resistance (Chen et al., 2006). 

Elizabethkingia meningoseptica strains are mainly resistant to 
tetracyclines, erythromycin, and linezolid, and resistant or inter- 
mediately susceptible to clindamycin and vancomycin (Bruun, 
1987; Fraser and Jorgensen, 1997; Kirby et al., 2004). Sensitivity 
to trimethoprim-sulfamethoxazole varies, ranging from 33 to 
80% of strains (Fraser and Jorgensen, 1997; Kirby et al., 2004). 
The antibiotics that are most active against Elizabethkingia menin- 
goseptica are minocycline, rifampicin, and the newer quinolo- 
nes (levofloxacin, gatifloxacin, sparfloxacin, moxifloxacin), 
whereas susceptibility to ciprofloxacin varies (Fraser and Jor- 
gensen, 1997; Kirby et al., 2004; Spangler et al., 1996). 

No data exist on the antibiotic sensitivity of the two strains 
of Elizabethkingia miricola, but it is presumed that susceptibili- 
ties are about the same as described above for Elizabethkingia 
meningoseptica. 


Pathogenicity. The pathogenicity of Elizabethkingia menin- 
goseptica has been reviewed recently by Bernardet et al. (2006). 
Among past and present Chryseobacterium species, Elizabethkingia 
meningoseptica is by far the most important species found in 
human infections. Invasive neonatal and infant disease, notably 
meningitis, has been reported from all over the world since the 
disease was first reported in 1944 (although bacterial etiology 
was first established retrospectively by King, 1959). The infec- 
tion isnot common. Von Graevenitz (1985) estimated that about 
120 cases of invasive neonatal disease had been reported in the 
literature by 1985, while Bloch et al. (1997) found 308 patient 
reports in the English language literature up to 1994 of cultures 
positive for Elizabethkingia meningoseptica, of which about 60% 
were judged to represent true infections (Bloch et al., 1997 and 
references therein). About half of these occurred in infants <3 
months of age, of which 85% represented cases of meningitis, 
sometimes with concomitant bacteremia and pneumonia. The 
mortality was 57%, with post-meningitis sequelae, mainly hydro- 
cephalus, occurring in the majority of the survivors. Prematu- 
rity occurred in more than half of the cases and accounted for 
66% of the mortality. In the non-English language literature, 
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15 cases, mainly of neonatal meningitis, have been published 
(see Bernardet et al. (2006) for references). Since 1994, 15 
cases of neonatal infection have been reported (Chiu et al., 
2000; Güngor et al., 2003; Hoque et al., 2001; Tekerekoglu 
et al., 2003; Tizer et al., 1995). 

Elizabethkingia meningoseptica infections in infants typically 
occur as small epidemics in neonatal wards, including neona- 
tal intensive care units. Surveillance cultures from uninfected 
infants hospitalized with the cases and from the hospital envi- 
ronment often reveal extensive colonization with Elizabethkingia 
meningoseptica (see Bernardet et al. (2006). 

Disease after the age of 1 year is rare, with less than 100 cases 
reported in the English language literature up to 1994 (Bloch 
et al., 1997 and references therein). Since then, few cases have 
been published (Chiu et al., 2000; Gunnarsson et al., 2002; Lin 
et al., 2004; Manfredi et al., 1999; Ozkalay et al., 2006; Sader 
et al., 1995). Adult cases occur as outbreaks in hospitals or as 
sporadic infections after trauma/surgery or in patients severely 
immunocompromised because of malignancy, end-stage hepatic 
and renal disease, and extensive burns. Outbreaks have taken 
place after administration of contaminated medicine, such as 
parenteral anesthetics and aerosolized polymyxin B, or inges- 
tion of contaminated water or ice cubes. Clinically, the most 
common manifestations have been bacteremia and pneumo- 
nia, but colonization without signs of infection also occurs, with 
Elizabethkingia meningoseptica being found in wounds, urine, and 
mucous membranes. 

Strains of Elizabethkingia meningoseptica have been isolated 
from a variety of diseased animals, such as cats, dogs, turtles, 
snakes, and several bird species, as well as various frogs and fish 
species (for a recent review, see Bernardet et al. (2006), and ref- 
erences therein). Infected birds displayed various pathological 
signs: pericarditis or joint infection in chicken, inflamed hem- 
orrhagic traumatic lesion in pigeon, and liver infection in zebra 
finch (Vancanneyt et al., 1994). Frogs infected by Elizabethkingia 
meningoseptica exhibited signs of hemorrhagic septicemia, leg 
and abdominal swelling, extreme lethargy, and severe enlarge- 
ment of liver, spleen, and kidney (Chung, 1990; Green et al., 
1999; Mauel et al., 2002). Severe outbreaks caused mass mortal- 
ity in all developmental stages of frogs in intensive frog aquacul- 
ture systems; recurrence of outbreaks was observed frequently 
(Chung, 1990). The uncultured organism successively named 
" Aegyptianella ranarum" and * Candidatus Hemobacterium rana- 
rum" that replicates in the red blood cells of several frog species 
and that is phylogenetically related to Elizabethkingia meningosep- 
tica (Zhang and Rikihisa, 2004) is discussed in the Family Fa- 
vobacteriaceae in this volume. 

Infections in fish imported to France from Africa and Asia 
have been reported recently. Samples of internal organs of 
diseased Koi carp (Cyprinus carpio), snake fish (Erpetoichthys 
calabaricus), and gourami (Colisia lalia) yielded pure cultures 
of Elizabethkingia meningoseptica; all fish suffered from hemor- 
rhagic septicemia and carps also displayed skin lesions (Ber- 
nardet et al., 2005; N. Keck and J.-F. Bernardet, unpublished 
data). An Elizabethkingia meningoseptica strain retrieved from 
Sinperca chuatsi was one of the bacterial fish pathogens used by 
Yin et al. (2006) to test the bactericidal activity of an antimicro- 
bial peptide from cDNA previously isolated from a fish leuko- 
cyte cDNA library. The minimal bactericidal concentration of 
the synthetic mature peptide, epinecidin-l, on Elizabethkingia 
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meningoseptica was the lowest of all Gram-stain-negative bacteria 
tested. 

Although various animal species have been reported to 
harbor Elizabethkingia meningoseptica, its transfer from infected 
animals to humans is unlikely as no transfer from human to 
human has ever been reported. 

Only scant information is currently available on the virulence 
mechanisms of Elizabethkingia meningoseptica. A possible clue was 
found in a strain isolated from a diseased bullfrog (see above), 
tentatively named “[Flavobacterium] ranacidaà' (Chung, 1990; 
Faung et al., 1996) but later shown to actually represent an Eliz- 
abethkingia meningoseptica strain (Bernardet et al., 2005). As the 
concentration of its major fatty acid, 13-methyl myristate, was 
increased it was able to induce changes in morphology and ulti- 
mately lysis of human platelets. At non-lytic concentrations, the 
fatty acid inhibited platelet response to various agents (Faung 
et al., 1996). The strong lytic activity of 13-methyl myristate on 
platelets and its ability to perturb membrane function could 
explain, at least partly, the hemorrhagic septicemia caused by 
Elizabethkingia meningoseptica in infected frogs. 

In an attempt to evaluate the virulence mechanisms of Eliza- 
bethkingia meningoseptica, environmental strains and isolates 
from cases of invasive infection were selected from those stud- 
ied by Ursing and Bruun (1987) and tested in penetration and 
cytotoxicity assays on cell cultures, in serum susceptibility tests, 
and in a murine pulmonary infection model (Lin et al., 2006). 
All strains were resistant to the bactericidal activity of normal 
human sera, but were unable to penetrate cultured cells and 
devoid of cytotoxic activity. Electron microscopic studies of 
samples of infected lung following intratracheal challenge of 
mice revealed that a strain originating from an invasive infec- 
tion was able to invade the epithelial cells of the respiratory 
tract in contrast to the environmental isolate. Both strains, how- 
ever, were cleared from the lung within 7 d; they did not spread 
to the liver or spleen and the mice survived the infection (Lin 
et al., 2006). 


Ecology. Although the majority of Elizabethkingia menin- 
goseplica strains have been isolated from clinical specimens, 
strains have also been found in soil, river water, and water 
reservoirs, as well as in various humid environments in hospi- 
tals, such as apparatus (bronchoscopes, respirators), medicine, 
catheters, sinks, and tap water (Bruun, 1982; Bruun et al., 1989; 
du Moulin, 1979; Heeg et al., 1994; Holmes, 1987; Hoque et al., 
2001; Olsen, 1969; Owen and Holmes, 1981; Ursing and Bruun, 
1987). An Elizabethkingia meningoseptica strain was part of the 
bacterial community in the water of a spent nuclear fuel pool in 
a nuclear power plant (Chicote et al., 2005). The environmen- 
tal distribution of Elizabethkingia meningoseptica is also reflected 
by the strains identified from diseased birds, mammals, and 
freshwater animals (see above) and from lake amoebae (Hadas 
et al., 2004). Although Elizabethkingia meningoseptica appears to 
be rather resistant to chlorine and other disinfectants (Green 
et al, 1999 and references therein), the implementation of 
strict hygienic procedures such as isolation, plus disinfection 
and autoclaving of equipment, usually succeeds in stopping 
outbreaks (Bruun et al., 1989; Chung, 1990; Green et al., 1999; 
Heeg et al., 1994). However, in one neonatal intensive care 
unit, screening cultures of water tanks and taps remained posi- 
tive even after sink taps were repaired and chlorinated and after 
the water temperature was raised to 43°C; only when taps were 
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replaced did cultures become negative (Hoque et al., 2001). 
Strains of Elizabethkingia meningoseptica usually belong to biofilm 
bacterial communities, as was shown during an outbreak in a 
frog-housing facility (Green et al., 1999). 

So far, no clinical isolate of Elizabethkingia miricola is known. 
The type strain was retrieved from the condensation water of 
the space station Mir (Li et al., 20032) and, although previously 
considered to be a strain of Elizabethkingia meningoseptica, the 
second strain was isolated from a contaminated commercial 
preparation of carboxypeptidase A (Elder and Alexander, 1982; 
Kim et al., 2005b). 

Contrary to some Chryseobacterium species (see the corre- 
sponding chapter in this volume and Bernardet et al. (2006), 
strains of Elizabethkingia have not been reported from food 
products so far. Two dairy isolates grouped with the Elizabethk- 
ingia meningoseptica type strain as a result of multilocus enzyme 
electrophoresis (Hugo and Jooste, 1997), but a later compari- 
son of fatty acid and whole-cell protein profiles did not confirm 
this identification (Hugo et al., 1999). 


Enrichment and isolation procedures 


The two species of Elizabethkingia are not fastidious and do not 
require enrichment or special procedures for isolation and cul- 
tivation. They grow well at 37°C (also at room temperature) 
on ordinary media, such as blood, tryptic soy, BHI, and nutri- 
ent agars, and are often recognized in the clinical microbiology 
laboratory by their resistance to antibiotics to which most other 
Gram-stain-negative rods are susceptible. 


Maintenance procedures 


Preservation methods used for Elizabethkingia strains do not dif- 
fer from those used for strains of Chryseobacterium and related 
organisms (see the corresponding chapter in this volume and 
Bernardet et al. (2006). Commercial agar deeps of bacterial 
strain storage medium (e.g., Bio-Rad) are convenient for short- 
term preservation. For long-term preservation, Elizabethkingia 
strains may be frozen at -80*C in casitone broth with 10% (v/v) 
glycerol, BHI broth with 2096 (v/v) glycerol, or ox broth with 
10% (v/v) glycerol (Reichenbach, 1989b; Park et al., 2006b; B. 
Bruun, unpublished data). The last method has successfully 
preserved strains of Elizabethkingia meningoseptica for at least 25 
years. The preferred method is, however, lyophilization (Ber- 
nardet et al., 2002, 2006). 


Procedures for testing special characters 


Phenotypic differentiation between the two Elizabethkingia spe- 
cies and from related Chryseobacterium species and Empedobacter 
brevis is difficult and requires strict adherence to the described 
methods and the conditions under which they are performed. 
These methods and conditions have been thoroughly reviewed 
previously (Bernardet et al, 2002, 2006; Bernardet and 
Nakagawa, 2006). 

One of the most significant differential characteristics 
between members of the family lavobacteriaceae is the pro- 
duction of yellow pigments. The pigments belong either to 
the carotenoid- or flexirubin-types, but members of some Fla- 
vobacterium species may produce both types of pigments (see 
the family Flavobacteriaceae and genus Flavobacterium chapters in 
this volume). An easy test based on the color shift induced by 
a 2096 KOH solution is available to differentiate between the 
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two types (Reichenbach, 1989b), but drops of the solution must 
be deposited on a rather thick mass of bacterial cells collected 
with a loop (as recommended in the minimal standards for 
describing new taxa in the family Flavobacteriaceae, Bernardet 
et al., 2002) rather than directly on colonies. This requirement 
is especially important for weakly pigmented colonies such as 
those of Elizabethkingia miricola and some Elizabethkingia menin- 
goseptica strains, as shown by the negative result obtained by Kim 
et al. (2005b) when they directly flooded Elizabethkingia colonies 
with KOH. When the KOH solution was deposited on bacte- 
rial masses, however, those Elizabethkingia meningoseptica strains 
that produced pale yellow colonies turned light brown, whereas 
no color shift occurred for nonpigmented strains (Bernardet 
et al., 2006). Hence, small amounts of flexirubin-type pigments 
seem to be produced by pigmented Elizabethkingia meningosep- 
lica strains. It is important to note that pigment production 
is highly dependent on growth temperature, the presence of 
daylight, and the composition of the culture medium (Bruun, 
1982; Holmes et al., 1984a; Hugo and Jooste, 2003). 


Differentiation of the genus Elizabethkingia 
from other genera 


The characteristics that differentiate members of the genus 
Elizabethkingia from those of the most closely related taxa (espe- 
cially Chryseobacterium, but also Bergeyella, Riemerella, Kaistella, 
and Sejongia) are listed in Tables 43 and 44 of the Chryseobac- 
terium chapter in this volume. They include various biochemi- 
cal traits, production of yellow pigments, growth at different 
temperatures, G+C contents, and fatty acid composition. For 
characteristics that differentiate Elizabethkingia from more dis- 
tantly related members of the family Flavobacteriaceae, see the 
corresponding chapter in this volume. 

Although restricted to well-equipped research laboratories, 
the determination of fatty acid and whole-cell protein profiles 
allows a clear differentiation between strains of Elizabethkingia, 
Chryseobacterium, and related genera (Bernardet et al., 2005, 
2006; de Beer et al., 2005, 2006; Hugo et al., 1999; Kim et al., 
2005b). The fatty acid profile of members of the genus Elizabeth- 
kingia mainly differs from that of Chryseobacterium strains in the 
proportions of C,., iso @9c and summed feature 4 (see Table 
43 of the Chryseobacterium chapter). Although only one strain of 
each reference species was analyzed, the table of fatty acid com- 
positions published by Kim et al. (2005b) is interesting because 
all strains were grown under the same conditions, thus allowing 
direct comparison. 

Differentiation of Elizabethkingia meningoseptica strains from 
isolates of Chryseobacterium gleum, Chryseobacterium indologenes, 
and Empedobacter brevis in the clinical microbiology laboratory 
is based on a limited number of phenotypic tests, including the 
absence of or slow production of yellow pigment, acid from 
trehalose, and f-galactosidase (ONPG test) (Bernardet et al., 
2006; Ursing and Bruun, 1991). Differentiation between strains 
of the two Elizabethkingia species rests only on the sticky colony 
consistency and the ability of Elizabethkingia miricola to hydro- 
lyze 2-naphthyl butyrate (API ZYM galleries) in contrast to Eliza- 
bethkingia meningoseptica (Kim et al., 2005b). 

Commercial identification galleries and kits are mostly 
adapted to clinical organisms that grow well at 37°C. They 
have been used to study collections of Elizabethkingia menin- 
goseptica isolates, although discrepancies between the different 
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commercial galleries and conventional tests have been reported 
(Bernardet et al., 2006, 2005; Bruun and Ursing, 1987; Kim 
et al., 2005b). Most commercial identification systems include 
Elizabethkingia meningoseptica in their analytical profile index. 
This species can be differentiated from Chryseobacterium species 
using the API 20E, 20NE, ID 32E, ID 32GN, and Biotype 100 
galleries, the Vitek GNI+ and Vitek2 ID-GNB systems (Bernar- 
det et al., 2006 and references therein), and the Biolog GN2 
MicroPlate (C.J. Hugo, personal communication). Although 
nota clinical organism and not included in databases, Elizabeth- 
kingia miricola was also tested successfully on various commer- 
cial galleries (Kim et al., 2005b; Li et al., 2003a). Fourteen of 
the 95 tests in the Biolog GN2 MicroPlate system differentiated 
the type strain of Elizabethkingia miricola from the type strain of 
Elizabethkingia meningoseptica (C.J. Hugo and A. Mielmann, per- 
sonal communication) but, because Elizabethkingia meningosep- 
lica is a phenotypically heterogeneous species, the importance 
of this finding is unclear. 

When the minimal standards for describing new taxa in the 
family Flavobacteriaceae were published (Bernardet et al., 2002), 
the genus Elizabethkingia had not yet been separated from 
Chryseobacterium and | [ Chryseobacterium] miricola had not been 
described. However, the general principles for the family and 
the minimal standards for describing new Chryseobacterium spe- 
cies should be followed when novel Elizabethkingia species are 
described. 


Taxonomic comments 


The genus Elizabethkingia has only recently been proposed to 
accommodate two former Chryseobacterium species, [ Chryseobacte- 
rium] meningosepticum and [ Chryseobacterium] miricola, that shared 
a separate position compared to all other Chryseobacterium spe- 
cies in phylogenetic trees (Kim et al., 2005b). Physiological and 
biochemical tests differentiating the two species are sparse (see 
above; also see Table 44 of the Chryseobacterium chapter in this 
volume). The two Elizabethkingia miricola strains show DNA-DNA 
hybridization values of 23-54% to the five Elizabethkingia menin- 
goseptica strains included in the study of Kim et al. (2005b). The 
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argument for creating the novel species Elizabethkingia miricolais, 
however, confounded by the fact that Elizabethkingia meningosep- 
licais known to be a heterogeneous species divided into two main 
DNA groups about 40-55% related to each other (Ursing and 
Bruun, 1987). The type strain of the species is in the small DNA 
group consisting of only four strains versus a total of 48 strains in 
the larger DNA group. This heterogeneity was confirmed by Kim 
et al. (2005b) (see above). In spite of its genomic heterogeneity, 
Elizabethkingia meningoseptica was chosen as the type species of 
the new genus because of its long standing description, its clini- 
cal significance, and because the numerous strains available had 
been subjected to extensive phenotypic and genomic studies 
(B. Holmes and R.J. Owen, unpublished data cited in Holmes 
et al., 1984b; Bruun and Ursing, 1987; Ursing and Bruun, 1987; 
Kim et al., 2005b). Hopefully, the new status of Elizabethkingia 
meningoseptica as the type species of a genus should prevent fur- 
ther changes in its nomenclature. For the time being, however, 
we are left with the genomic heterogeneity of this species. Hence, 
it is possible that the species will be split in the future, provided 
sound and convenient differential characteristics between the 
resulting species are found. 

Taxonomic and nomenclatural issues in the genus Elizabeth- 
kingia are dealt with by the Subcommittee on the Taxonomy of 
Flavobacterium and Cytophaga-like Bacteria of the International 
Committee on Systematics of Prokaryotes. The subcommittee 
has issued the above-mentioned minimal standards (Bernardet 
et al., 2002). 
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Further reading 


Website of the International Committee on Systematics of 
Prokaryotes (ICSP) Subcommittee on the Taxonomy of Fla- 
vobacterium and Cytophagadike Bacteria (http:/ /www.the-icsp. 
org/subcoms/Flavobacterium, Cytophaga.htm). 


List of species of the genus Elizabethkingia 


l. Elizabethkingia meningoseptica (King 1959) Kim, Kim, Lim, 
Park and Lee 2005b, 1291 (Flavobacterium meningosepticum 
King 1959, 247; Chryseobacterium meningosepticum Vandamme, 
Bernardet, Segers, Kersters and Holmes 1994a, 830) 


me.nin.go.sep'ti.ca. Gr. n. meninx, meningos meninges, mem- 
branes covering the brain; Gr. adj. septikos putrefactive; 
N.L. fem. adj. meningoseptica presumably referring to the asso- 
ciation of the bacterium with both meningitis and septicemia. 


Rods, approximately 0.5 jim in diameter and various lengths 
(1-3 pum). Filaments are common. Good growth occurs on 
tryptic soy, blood, and nutrient agars, while growth on Mac- 
Conkey agar is strain-dependent. Growth occurs at 22-37°C; 
strains from invasive neonatal disease grow at 40°C. Colonies 
on nutrient agar at 35°C are circular, entire, and smooth, 
1-2 mm in diameter. Cultures have a characteristic aromatic 
odor. Strains deriving from invasive neonatal disease (e.g., 
the type strain) are weakly yellow-pigmented, while others 
are nonpigmented. Oxidase- and catalase-positive. Urease 


is sometimes produced using Christensen’s urea. Indole 
and f-galactosidase are produced. Gelatin is hydrolyzed. 2- 
Naphthyl butyrate is not hydrolyzed in the API ZYM gallery. 
Production of a precipitate on egg yolk agar is strain-depen- 
dent. Tyrosine is degraded by some strains. Other biochemi- 
cal and physiological characteristics are given in Tables 43 
and 44 of the Chryseobacterium chapter in this volume. Several 
serovars have been described. DNA-DNA hybridization stud- 
ies have delineated two main DNA groups that cannot be 
differentiated phenotypically. 

Source: the type strain was isolated from cerebrospinal 
fluid in Massachusetts in 1949. The species is not a member 
of normal human flora, but it causes invasive disease in neo- 
nates and occasionally in immunocompromised patients. 

DNA G+C content (mol % ): 36.4-37.9 (type strain: 37.9 + 0.3) 
(T Holmes et al., 1984a; Ursing and Bruun, 1987); 
36.6-37.8 (type strain: 37.1) (HPLC; Kim et al., 2005b). 

Type strain: strain 14 of King (1959), ATCC 13253, NCTC 
10016, LMG 12279, CCUG 214 (serovar A). 


210 


Sequence accession nos (16S 
AJ704540. 

Reference strains: the three strains that shared high DNA 
relatedness with the type strain in the study of Ursing and 
Bruun (1987) are: Richard’s strain 3.83 (no longer avail- 
able), GTC 10941 (Gifu 1606) and NCTC 13393 (Holmes’ 
strain E 847, Greaves’ strain F2, NCIB 7-61). Other reference 
strains are: NCTC 10585 (strain 422 of King, 1959; serovar 
B); NCTC 10586 (strain 3375 of King, 1959; serovar C); 
NCTC 10587 (strain 6925 of King, 1959; serovar D); NCTC 
10588 (strain 8388 of King, 1959; serovar E); NCTC 10589 
(strain 8707 of King, 1959; serovar F); NCTC 11305 (CIP 
78.30; Richard et al., 1979b; serovar G); NCTC 11306 (CIP 
79.5; Richard et al., 1979a; serovar H); and NCTC 11309 
(CIP 79.29; Richard et al., 1979a; serovar K). 


rRNA gene) AY468445, 


2. Elizabethkingia miricola (Li, Kawamura, Fujiwara, Naka, Liu, 
Huang, Kobayashi and Ezaki 2003a) Kim, Kim, Lim, Park 
and Lee 2005b, 1292V* (Chryseobacterium miricola Li, Kawa- 
mura, Fujiwara, Naka, Liu, Huang, Kobayashi and Ezaki 
2003a, 527) 


mi.ri'co.la. N.L. neut. n. mirum derived from mir (peace in 
Russian, name of the Russian space station); L. suff. -cola 
from L. masc. or fem. n. incola inhabitant; N.L. masc. or fem. n. 
miricola inhabitant of the Mir space station. 


FAMILY I. FLAVOBACTERIACEAE 


Rods, approximately 0.5 pm in diameter and 1.0-2.5 pm 
in length. Good growth occurs on tryptic soy, blood, BHI, 
nutrient, and MacConkey agars. Very slow growth occurs on 
cetrimide agar. Growth occurs at 22-37*C, but not at 5 or 
42°C. Colonies are white-yellow, circular, entire, smooth, 
and very sticky on solid media. Oxidase- and catalase-positive. 
Indole and f-galactosidase are produced. Gelatin and urea 
are hydrolyzed. 2-Naphthyl butyrate is hydrolyzed in the API 
ZYM gallery. The type strain forms a precipitate when grown 
on egg yolk agar. p-Mannitol, sodium citrate, and N-acetyl- 
D-glucosamine are assimilated, but tyrosine is not degraded. 
Other biochemical and physiological characteristics are 
given in Tables 43 and 44 of the Chryseobacterium chapter in 
this volume. 

Source: the type strain was isolated from condensation 
water in the space station Mir; a second strain was recently 
identified from the contaminated commercial preparation 
of an enzyme. 

DNA G+C content (mol%): 35.3 + 0.3 (type strain: 35.0) 
(HPLC; Kim et al., 2005b). 

Type strain: strain W3-B1 of Li et al. (2003a), DSM 14571, 
JOM 11413, GTC 862. 

Sequence accession no. (16S rRNA gene): AB071953. 

Reference strain: ATCC 33958. 


Genus XVIII. Empedobacter (ex Prévot 1961) Vandamme, Bernardet, Segers, Kersters and Holmes 1994a, 830"? 


THE EpitoriAL BoARD 


Em.pe.do.bac'ter. Gr. adj. empedos fixed, immovable; N.L. masc. n. bacter a small rod; N.L. masc. n. 


Empedobacter nonmotile rod 


Rods, typically 0.5 pum wide and 1-2 pm long, but some lon- 
ger rods may be present. Gram-stain-negative. Nonmotile. 
Nonsporeforming. Intracellular poly-B-hydroxybutyrate gran- 
ules are absent. Aerobic, having a strictly respiratory type of 
metabolism. Chemo-organotrophic. All strains grow at 30°C; 
some strains grow at 37°C. Growth on solid media is light yel- 
low. Growth occurs on MacConkey agar and B-hydroxybutyrate 
agar. Positive for catalase, oxidase, and phosphatase. Indole- 
positive. Several carbohydrates are oxidized, but glycerol and 
trehalose are not. Casein, gelatin, tributyrin, DNA, and Tween 
20 are hydrolyzed, but not esculin, urea, or agar. Fatty acids 
C, 80, Ci, (7c, C,,4, 056 Ciso Cigo 9-OH, and C,,, iso 3-OH 
are predominant. Sphingophospholipids are absent. The only 
respiratory quinone is menaquinone-6. Resistant to a wide 
range of antimicrobial agents. 

DNA G+C content (mol % ): 31-33 (T). 

Type species: Empedobacter brevis (Holmes and Owen 1982) 
Vandamme, Bernardet, Segers, Kersters and Holmes 1994a, 
830V" [ Flavobacterium breve (ex Lustig 1890) Holmes and Owen 
1982, 233; Bacillus brevis Lustig 1890, 521; Bacillus canalicolis 
brevis Cornil and Babes 1890, 292; Bacillus canalis parvus Eisen- 
berg 1891, 362; Bacterium canalis parvis (sic) (Eisenberg 1891) 
Chester 1897, 130; Bacterium canale Mez 1898, 55; Bacterium 
breve (Lustig 1890) Chester 1901, 69; Flavobacterium brevis 
(sic) (Lustig 1890) Bergey, Harrison, Breed, Hammer and 
Huntoon 1923, 116; Pseudobacterium brevis (sic) (Lustig 1890) 
Krasil'nikov 1949, 239; Empedobacter breve (sic) (Lustig 1890) 
Prévot 1961, 181]. 


Further descriptive information 


Good growth occurs on nutrient agar. Colonies are circular, low 
convex, smooth, and shiny, with entire edges. The colony size 
is pinpoint to 2.0 mm in diameter on nutrient agar; colonies 
on blood agar are pinpoint to 2.5 mm in diameter and non- 
hemolytic. The light yellow pigmentation does not change with 
variation of medium and temperature. Growth occurs at room 
temperature (18-22°C); some strains grow at 37°C; no strains 
grow at 5 or 42°C. Although some strains grow at 37°C, the 
majority will only produce acid from carbohydrates when incu- 
bated at 30*C and prolonged incubation may be necessary. 

The cellular polyamine homospermidine, characteristic of 
members of the llavobacterium-Cytobhaga-Sphingobacterium com- 
plex, is present (Hamana and Nakagawa, 2001). 

The pathogenicity of Empedobacter brevis for humans and 
other animals is not clear, but at least in some instances it seems 
to be an opportunistic pathogen. Mori (1888) inoculated labo- 
ratory animals with canal water and, when the animals died, 
he isolated Empedobacter brevis from their blood and internal 
organs. Whether the organism caused death of the animals is 
uncertain, but the cultures were pathogenic for guinea pigs, 
mice, and rabbits. Holmes et al. (1978) reviewed the history of 
isolation of Empedobacter brevis strains from various clinical speci- 
mens and indicated that there was no definite evidence that 
these strains were the causative agents of the infections, since 
some were obtained from mixed cultures, others were possible 
contaminants, and still others were isolated from cases where 
the clinical details were not well described. Empedobacter brevis 


GENUS XVIII. EMPEDOBACTER 


has been isolated from the anterior chamber and the vitreous 
in a series of patients who had developed endophthalmitis after 
cataract extraction by the same surgeon on the same day; the 
source of infection was unknown (Janknecht et al., 2002). Empe- 
dobacter brevis has been isolated from the cerebrospinal fluid of 
a dog, where it occurred at high levels (Haburjak and Schubert, 
1997). Various species of flavobacteria, including Empedobacter 
brevis, were isolated from damaged gills, pins, and skin ulcers of 
the Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus 
mykiss), and cod (Gadus morhua) and from exoskeleton lesions 
of king crab (Paralithodes camtschaticus) (Serdyuk, 1998). Empe- 
dobacter brevis was one of the species isolated from moribund Koi 
carp and goldfish, which often had severe ulceration; however, 
the primary causative agent was "atypical" Aeromonas salmonicida, 
with aggravation by the secondary invaders Aeromonas hydrophila 
and Pseudomonas fluorescens (Robertson and Austin, 1994). 

Empedobacter brevisis also a parasite of certain protists. Córdova 
etal. (2002) found Empedobacter brevis and several other bacterial 
species to be present in the cytoplasm of Alexandrium catenella — 
a chain-forming dinoflagellate that is toxic and causes paralytic 
shellfish poisoning; however, Empedobacter brevis was not associ- 
ated with production of the algal saxitoxin. In several instances, 
the Alexandrium catenella clones were simultaneously infected 
by different species of bacteria. The intracellular bacteria were 
alive and appeared to be dividing. Antibiotic treatment of Alex- 
andrium catenella did not generate bacteria-free cells and led to 
the killing of the host cells. Bottone et al. (1992) showed that 
when the amoebae Acanthamoeba, castellanii and Acanthamoeba 
polyphaga were cocultivated with Empedobacter brevis, Xanthomo- 
nas maltophilia, and Pseudomonas paucimobilis, enhancement of 
amoebal growth was better than that obtained in the presence 
of Staphylococcus aureus, Staphylococcus epidermidis, and Escheri- 
chia coli, the standard cocultivation species used for isolation of 
amoebae from clinical specimens. The authors concluded that 
contamination of contact lens care systems with Acanthamoeba 
spp. and a bacterium capable of supporting amoebic growth 
might be involved in amoeba-induced keratitis by providing 
large inocula of amoebae. Wadowsky and Yee (1983) found that 
satellite growth of Legionella pneumophila occurred with an envi- 
ronmental isolate of Flavobacterium breve on a medium deficient 
in cysteine — an amino acid required by Legionella pneumophila 
for growth; presumably, Empedobacter brevis secreted cysteine or 
a related compound into the medium. 

Empedobacter brevis is resistant to a wide range of antimicrobial 
agents (Vandamme et al., 19942). Janknecht et al. (2002) found 
an isolate of Empedobacter brevis to be resistant to aminoglyco- 
sides, cephalosporins (cefotiam, ceftriaxone, ceftazidim), and 
fosfomycin, but sensitive to ampicillin, piperacillin, imipenem, 
quinolones, tetracycline, and chloramphenicol. The occurrence 
of intrinsic metallo-p-lactamases in Empedobacter brevis may par- 
tially explain the resistance of the organism to penicillin. Bellais 
et al. (20022) reported that the Ambler class B B-lactamase gene 
bla. a occurred in a strain of Empedobacter brevis isolated from a 
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rectal swab. When cloned and expressed in Escherichia coli, the 
enzyme hydrolyzed penicillins, cephalosporins, and carbapen- 
ems efficiently, but not aztreonam. 

Empedobacter brevis can be found free living in water and in 
food (Hugo and Jooste, 1997). Turtura et al. (2000) reported 
that Empedobacter brevis was one of several species isolated from 
black crusts taken from open-air stone monuments in Bologna, 
Italy, that dated back to between the twelfth and nineteenth 
centuries. The presence of these species in the black crusts was 
not occasional, but instead the result of an ecologically signifi- 
cant process of colonization. 


Enrichment and isolation procedures 


Special procedures are not normally required for the isolation 
of Empedobacter brevis. However, the ability of this species to grow 
on MacConkey agar and B-hydroxybutyrate agar may provide 
some selectivity. 


Differentiation of the genus Empedobacter 
from other genera 


The genus Empedobacter contains a single species, Empedobacter 
brevis. The nearest relative of Empedobacter is Weeksella, which 
also includes a single species, Weeksella virosa (Vandamme et al., 
19942). Empedobacter brevis differs from Weeksella virosa in that it 
forms yellow colonies, has a saccharolytic metabolism, exhibits 
DNase activity, is resistant to penicillin, fails to grow at 42°C, and 
has a lower DNA G+C content (31-33 mol% vs 35-38 mol%). 

Features differentiating Empedobacter from other genera of 
rRNA superfamily V are listed by Vandamme et al. (1994a). In 
a study of 130 food isolates of Chryseobacterium and Empedobacter, 
Hugo and Jooste (1997) reported that use of the multilocus 
enzyme electrophoresis technique was able to correctly identify 
the Empedobacter group. 


Taxonomic comments 


The taxonomic history of Empedobacter brevis prior to 1984 has 
been reviewed by Holmes et al. (1984a), who included Empedo- 
bacter brevis in the genus Flavobacterium as Flavobacterium breve. 
In a later review by Holmes (1992), members of Flavobacte- 
rium were divided into four groups, of which the first group 
contained Flavobacterium breve and several other Flavobacteriwum 
species. Vandamme et al. (1994a) indicated that, based on 
chemotaxonomic and phenotypic features and on DNA-rRNA 
hybridization experiments, Flavobacterium breve and Weeksella 
virosa belonged to a separate position in rRNA superfamily V. 
However, the level of genotypic divergence between the two 
species was about 6°C KEM and the two species differed in 
many biochemical features, including fatty acid composition. 
Consequently, Vandamme et al. (1994a) concluded that the 
two taxa should be considered as members of different genera 
and, accordingly, they revived the genus name Empedobacter for 
Flavobacterium breve, a name that had been applied previously to 
the same species by Prévot (1961). 


List of species of the genus Empedobacter 


1. Empedobacter brevis (Holmes and Owen 1982) Vandamme, 
Bernardet, Segers, Kersters and Holmes 1994a, 830%? [Fla- 
vobacterium breve (ex Lustig 1890) Holmes and Owen 1982, 
233; Bacillus brevis Lustig 1890, 521; Bacillus canalicolis brevis 


Cornil and Babes 1890, 292; Bacillus canalis parvus Eisenberg 
1891, 362; Bacterium canalis parvis (sic) (Eisenberg 1891) 
Chester 1897, 130; Bacterium canale Mez 1898, 55; Bacterium 
breve (Lustig 1890) Chester 1901, 69; Flavobacterium brevis 
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(sic) (Lustig 1890) Bergey, Harrison, Breed, Hammer and 
Huntoon 1923, 116; Pseudobacterium brevis (sic) (Lustig 1890) 
Krasil’nikov 1949, 239; Empedobacter breve (sic) (Lustig 1890) 
Prévot 1961, 181] 


bre'vis. L. masc. adj. brevis short. 


The following characteristics are taken from Holmes 
et al. (1984a). No acid is produced from adonitol, arabi- 
nose, cellobiose, dulcitol, ethanol, fructose, glycerol, inosi- 
tol, lactose, mannitol, raffinose, rhamnose, salicin, sorbitol, 
sucrose, trehalose, or xylose. Some strains hydrolyze Tween 
80. The following tests are all negative: acid and/or gas 
production from glucose in a peptone/water medium, oxi- 
dation of gluconate, 3-ketolactose production, malonate 
utilization, arginine deamidase, arginine dihydrolase, lysine 
decarboxylase, ornithine decarboxylase, phenylalanine 


FAMILY I. FLAVOBACTERIACEAE 


deaminase, B-galactosidase (ONPG), alkali production on 
Christensen's citrate, fluorescent pigment production on 
King's medium B, pigment production on tyrosine agar, 
growth on cetrimide agar and Simmons' citrate agar, reduc- 
tion of 0.476 (w/v) selenite, H,S production, KCN toler- 
ance, nitrate reduction, and production of opalescence on 
lecithovitellin agar. 

Source: various sources including canal water, clinical spec- 
imens, food, fish and marine animals, dogs, and protists. 

DNA G+C content (mol % ): 31-33 (T). 

Type strain: CL88/76 (Holmes et al., 1978), NCTC 11099, 
ATCC 43319, CCUG 7320, CIP 103104, IFO (NBRC) 14943, 
LMG 4011. 

Sequence accession nos: M33888 (5S rRNA), D14022 (16S 
rRNA). 


Genus XIX. Epilithonimonas O'Sullivan, Rinna, Humphreys, Weightman and Fry 2006, 177"? 


THE EpiroRIAL BOARD 


Ep.i.lith.on.i.mo'nas. N.L. n. epilithon -is (or epilithonum -i) epilithon; L. fem. n. monas a unit, monad; 
N.L. fem. n. Epilithonimonas a monad isolated from epilithon. 


Rounded rods, 0.6-0.7 x 1.0-2.5 pm, that do not form chains 
or filaments. No gliding motility. Gram-stain-negative. Strictly 
aerobic. Colonies are orange. Flexirubin pigments are pres- 
ent. Growth occurs between 4 and 30°C. No growth occurs on 
marine agar. Oxidase- and catalase-positive. Nitrate is reduced. 
A few carbohydrates, including glucose, are utilized for growth. 
Acid is not produced from glucose. Indole-negative. Fatty 
acids contain a large proportion of saturated branched-chain, 
monosaturated and hydroxy fatty acids. The most abundant 
individual fatty acids are C,., iso and summed feature 3 (C,,, 
@7c/C z iso 2-OH). Na’ is not required. Isolated from freshwa- 
ter environments. 

DNA G+C content (mol % ): 37.5 (HPLC). 

Type species: Epilithonimonas tenax O’Sullivan, Rinna, Hum- 
phreys, Weightman and Fry 2006, 177%. 


Enrichment and isolation procedures 


Epilithonimonas tenax was isolated from the surface film on river 
stones. Samples of the epilithon were serially diluted in sterile 
deionized water containing 1 pl/1 Tween 20. The spread-plate 
technique was used with various common media such as plate 
count agar (PCA) containing 20 pg/ml cycloheximide to inhibit 
eukaryotic micro-organisms. Plates were incubated at 20°C for 
10 d and orange, spreading colonies were selected, subcultured 
twice on their original isolation medium, and purified on PCA. 


Differentiation of the genus Epilithonimonas from related 
genera 


Epilithonimonas differs from members of the genera Bergeyella, 
Elizabethkingia, Riemerella, and Sejongia by possessing flexirubin- 
type pigments. An ability to reduce nitrate distinguishes it from 
Bergeyella, Elizabethkingia, Kaistella, Riemerella, Sejongia, and most 
species of Chryseobacterium, except Chryseobacterium balustinum 
and Chryseobacterium daecheongense. Lack of indole production 
distinguishes it from Bergeyella, Elizabethkingia, Kaistella, Sejongia, 
and most species of Chryseobacterium, except Chryseobacterium 
daecheongense and Chryseobacterium scobhthalmum. The inabil- 
ity of Epilithonimonas to form acid from glucose differentiates 
it from Elizabethkingia, Riemerella, Sejongia, and most species of 
Chryseobacterium, except Chryseobacteri'um daecheongense and. Chry- 
seobacteriwm scophthalmum. 


Taxonomic comments 


16S rRNA gene sequence analysis has shown that Epilithonimonas 
tenax belongs to a monophyletic cluster containing the genera 
Bergeyella, Chryseobacterium, Elizabethkingia, Kaistella, Riemerella, 
and Sejongia. It forms a discrete lineage positioned between the 
genus Elizabethkingia and the other genera (O'Sullivan et al., 
2006). 


List of species of the genus Epilithonimonas 


l. Epilithonimonas tenax O'Sullivan, Rinna, 
Weightman and Fry 2006, 177" 
ten'ax. L. fem. adj. tenax sticky, holding firm, referring to the 
organism's viscous colonies. 


Humphreys, 


Characteristics are as described for the genus, with the 
following additional features. Colonies on PCA after 1 week 
at 20*C are 3-6 mm in diameter, bright orange, opaque, 
and smooth, with an entire edge and a viscous consistency. 


Growth occurs on trypticase soy agar, nutrient agar, MacCo- 
nkey agar, and DNase agar, but not on marine agar 2216 or 
cetrimide agar. Esculin and starch are hydrolyzed, but not 
agar, arginine, DNA, Tween 80, or gelatin. No f-galactosi- 
dase, urease, or xylanase activities. Growth occurs on the 
following substrates: acetic acid, L-alanyl-glycine, a-cyclodex- 
trin, dextrin, gentiobiose, o-p-glucose, L-glutamic acid, gly- 
cogen, glycyl-L-aspartic acid, glycyl-L-glutamic acid, inosine, 


GENUS XX. FLAVIRAMULUS 


a-ketovaleric acid, mannose, maltose, L-ornithine, L-proline, 
L-erine, Tween 40, sucrose, L-threonine, thymidine, tre- 
halose, and uridine. No growth occurs on the following 
substrates: Macetyl-p-galactosamine, Macetylglucosamine, 
cis-aconitic acid, adipate, adonitol, alaninamide, p-alanine, 
L-alanine, y-aminobutyric acid, 2-aminoethanol, arabinose, 
p-arabitol, L-asparagine, L-aspartic acid, bromosuccinic acid, 
2,3-butanediol, caprate, DL-carnitine, cellobiose, citric acid, 
i-erythritol, formic acid, D-fructose, L-fucose, D-galactonic 
acid, D-galactose, D-galacturonic acid, D-gluconic acid, D-glu- 
cosaminic acid, glucuronamide, p-glucuronic acid, glucose 
l-phosphate, glucose 6-phosphate, glycerol, pr-a-glycerol 
phosphate, r-histidine, o-hydroxybutyric acid, B-hydroxybu- 
tyric acid, y-hydroxybutyric acid, phydroxyphenylacetic acid, 
hydroxy-L-proline, myo-inositol, itaconic acid, o-ketobutyric 
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acid, a-ketoglutaric acid, pr-lactic acid, a-p-lactose, lactu- 
lose, L-leucine, malate, malonic acid, mannitol, melibiose, 
methyl-B-p-glucoside, methylpyruvate, monomethyl suc- 
cinate, phenylacetate, r-phenylalanine, phenylethylamine, 
propionic acid, D-psicose, putrescine, L-pyroglutamic acid, 
quinic acid, raffinose, L-rhamnose, p-saccharic acid, sebacic 
acid, D-serine, D-sorbitol, succinamic acid, succinic acid, 
turanose, Tween 80, urocanic acid, or xylitol. Susceptible to 
penicillin G, ampicillin, and rifampin, but not to chloram- 
phenicol, streptomycin, kanamycin, or tetracycline. 

Source: the type strain was isolated from epilithon-covered 
stones from the River Taff in Cardiff, UK. 

DNA G+C content (mol% ): 37.5 (HPLC). 

Type strain: EP105, DSM 16811, NCIMB 14026. 

Sequence accession no. (16S rRNA gene): AF493696. 


Genus XX. Flaviramulus Einen and Øvreås 2006, 2460"? 


THE EpiroRIAL BoARD 


Fla.vi.ra'mu.lus. L. adj. flavus yellow; L. masc. dim. n. ramulus small branch; N.L. masc. n. Flaviramulus 


small yellow branch. 


Cells in stationary phase are rods, 0.2-0.3 x 1-3 pm. Exponen- 
tial phase cells are rods, but stationary phase cells are pleomor- 
phic, 0.2-0.3 um in diameter and 1-30 pm long. Branched 
and curled cells are also seen in stationary phase cultures. As 
cultures age, cells degenerate into spheroplasts ranging from 
0.15 to 1 pm in diameter. Cells are motile by polar adhesion to 
a glass surface, with a rotational movement; cells grip the sur- 
face at the opposite pole and then are released at the first pole. 
Gram-stain-negative. Aerobic. Oxidase-negative. Cells contain 
yellow and orange carotenoids. Flexirubin-type pigments are 
not found. Seawater, yeast extract or thiamine, and amino acids 
are required for growth. Menaquinone-6 is the major respira- 
tory quinone. 

DNA G+C content (mol 96): 31.4 (T). 

Type species: Flaviramulus basaltis Einen and Øvreås 2006, 
2460V*, 


Further descriptive information 


Einen and Øvreås (2006) reported the isolation of four yellow- 
pigmented, Gram-stain-negative, motile strains of bacteria from 
the glassy rind of basaltic pillow lavas collected from the seafloor 
in the Norwegian/Greenland Sea at a depth of 1,300 m below sea 
level. The seafloor temperature at the sampling site was —0.7°C. 

Motility is best observed in fresh cultures grown in FM broth* 
containing «0.0596 yeast extract. Cells adherent to a glass sur- 
face have a rotational movement of about three rotations per 
second. Polar appendages occur on many of the cells that are 
motile, but not on nonmotile cells. No spreading growth occurs 
on marine agar (MA) or FM agar. 

The Flaviramulus strains were able to produce acid from the 
following compounds: N-acetyl-p-glucosamine, D-arabinose, 


"The Flavobacteriaceae Medium (FM) of Einen and Øvreås (2006) contains 
(g/l distilled water): sea salts (Sigma), 30; D-glucose, 5; and yeast extract, 0.5; pH 
adjusted to 8.0. 


p-cellobiose, D-fructose, D-glucose, lactose, maltose, D-manni- 
tol, L-rhamnose, p-ribose, sucrose, and xylan. Alcohols did not 
support growth. The following compounds were used in the 
Biolog system: L-aspartic acid, cellobiose, cyclodextrin, dex- 
trin, D-fructose, D-galactose, D-galacturonic acid, gentiobiose, 
D-glucose, D-glucose l-phosphate, D-glucose 6-phosphate, 
p-glucuronic acid, L-glutamic acid, glycogen, glycyl-L-aspartic 
acid, glycyl-L-glutamic acid, ketobutyric acid, ketoglutaric acid, 
DL-lactic acid, p-lactose, lactulose, maltose, D-mannose, methyl- 
D-glucoside, L-ornithine, L-proline, pyruvic acid methyl ester, 
raffinose, L-rhamnose, succinamic acid, succinic acid, suc- 
cinic acid monomethyl ester, sucrose, trehalose, turanose, and 
Tweens 40 and 80. The following Biolog substrates were not 
utilized: acetic acid, N-acetyl-p-galactosamine, cis-aconitic acid, 
adonitol, r-alaninamide, p-alanine, r-alanine, r-alanyl-glycine, 
L-arabinose, p-arabitol, L-asparagine, bromosuccinic acid, cit- 
ric acid, i-erythritol, formic acid, r-fucose, D-galactonic acid 
lactone, p-gluconic acid, D-glucosaminic acid, glucuronamide, 
L-histidine, a-, B-, and y-hydroxybutyric acid, phydroxyphe- 
nylacetic acid, hydroxy-L-proline, myo-inositol, itaconic acid, 
ketovaleric acid, L-leucine, malonic acid, D-mannitol, melibi- 
ose, L-phenylalanine, propionic acid, D-psicose, L-pyroglutamic 
acid, quinic acid, p-saccharic acid, sebacic acid, p-sorbitol, and 
xylitol. 


Enrichment and isolation procedures 


The outer glassy rim of the basalt was chipped off and the glass 
was placed in sterile seawater and stored in closed flasks in the 
dark for 3 years at 10°C. Portions of the seawater were plated 
onto MA [marine broth 2216 (Difco) solidified with 1.5% agar] 
and incubated at 10°C. After incubation for 14 d, small yellow 
colonies were selected and purified. 

Cultures can be grown in FM broth at 22°C. Preservation can 
be accomplished at -80°C in marine broth supplemented with 
15% glycerol. 
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Differentiation of the genus Flaviramulus 
from related genera 


Several of the phenotypic characteristics of Flaviramulus dif- 
fer from those of members of the genera Gaetbulibacter and 
Algibacter. The most important difference between Flaviramulus 
and the genera Gaetbulibacter and Algibacter is that Flaviramutlus is 
obligately aerobic, whereas Gaetbulibacter and Algibacter are capa- 
ble of fermentation/anaerobic respiration. In addition, Flavi- 
ramulus is oxidase-negative, grows at 0°C, grows in media with 
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0.5% NaCl, and hydrolyzes Tween 80. Phenotypic differences 
between Flaviramulus and other genera of Flavobacteriaceae have 
been described by Einen and Øvreås (2006). 


Taxonomic comments 


16S rRNA gene sequence analysis showed that the type strain of 
Flaviramulus basaltis is closely related to the type strains of Gaet- 
bulibacter saemankumensis and Algibacter lectus (94.3 and 94.8% 
similarities, respectively). 


List of species of the genus Flaviramulus 


1. Flaviramulus basaltis Einen and Øvreås 2006, 2460V* 


ba.sal'tis. L. masc. gen. n. basaltis of basalt, pertaining to the 
source of isolation. 


The following properties are in addition to those given 
for the genus. Colonies grown on MA are shiny, dark yellow, 
circular, and convex, with entire margins. Cells are catalase- 
positive and alkaline phosphatase-positive. Growth occurs 
from -2.0 to 34.0°C, with optimum growth at 17.5-22.8°C. 
The salinity range for growth is 3-60 g/l sea salts, with an 
optimum of 24—60 g/l. Growth is supported at pH 6.5-8.6, 
with optimum growth at pH 6.5-8.2. Utilizes and produces 


acids from several sugars. Utilizes organic acids and amino 
acids. Does not utilize alcohols. Hydrolyzes r-tyrosine, escu- 
lin, carrageenan, gelatin, starch, DNA, urea, and Tweens 20, 
40 and 80, but not agar, cellulose, or chitin. Produces H,S 
from cysteine. Branched fatty acids are predominant. 

Source: the type strain was isolated from seafloor basalt off- 
shore of Jan Mayen in the Norwegian/Greenland Sea at a 
depth of 1300 m. 

DNA G+C content (mol % ): 31.4 + 0.6 (T^). 

Type strain: H35, CIP 109091, DSM 18180. 

Sequence accession no. (16S rRNA gene): DQ361033. 


Genus XXI. Formosa Ivanova, Alexeeva, Flavier, Wright, Zhukova, Gorshkova, Mikhailov, Nicolau 
and Christen 2004, 707"? emend. Nedashkovskaya, Kim, Vancanneyt, Snauwaert, Lysenko, Rohde, Frolova, 
Zhukova, Mikhailov, Bae, Oh and Swings 2006d, 166 


ELENA P. Ivanova 


For.mo'sa. L. fem. adj. (used as a substantive) Formosa beautiful, finely formed. 


Rod-shaped cells with slightly irregular sides and pointed ends, 
approx. 0.8-1.8 x 0.4—0.9 pm. Cells have gliding motility. Buds 
may be produced. Do not form endospores or resting stages. 
Gram-stain-negative. Poly-D-hydroxybutyrate is not accumu- 
lated as an intracellular reserve product. An arginine dihydro- 
lase system is not present. Aerobic; however, anaerobic growth 
can occur on D-glucose by anaerobic respiration with nitrate. 
Chemo-organotrophic. Positive for oxidase, catalase, and alka- 
line phosphatase. May require Na* for growth. Agar hydrolysis 
differs among species. Produce non-diffusible carotenoid pig- 
ments. Flexirubin pigments are not detected. Isolated from 
marine habitats of the North Pacific. 

DNA G+C content (mol% ): 34—36. 

Type species: Formosa algae Ivanova, Alexeeva, Flavier, Wright, 
Zhukova, Gorshkova, Mikhailov, Nicolau and Christen 2004, 
707° emend. Nedashkovskaya, Kim, Vancanneyt, Snauwaert, 
Lysenko, Rohde, Frolova, Zhukova, Mikhailov, Bae, Oh and 
Swings 2006d, 161. 


Further descriptive information 


Phylogenetically, Formosa is a member of the family Flavobacte- 
riaceae. Species of the genus form a distinct lineage within the 
family. Similar topologies of phylogenetic trees are retrieved 
by neighbor-joining, maximum-likelihood, and maximum- 
parsimony algorithms and supported by high bootstrap values. 
The level of 16S rRNA gene sequence similarity with the two 
phylogenetically most closely related genera, Psychroserpens and 
Gelidibacter, is almost equidistant, reaching 94.2% sequence 
similarity and 82 sequence differences with, for example, 


Psychroserpens burtonensis. The closest uncultured sequence, 
from bacteria from the toxic dinoflagellate Alexandrium tama- 
rense (Groben et al., 2000), had 97.2% sequence similarity and 
27 differences. 

Phosphatidylethanolamine is the only phospholipid identi- 
fied in bacteria of this genus. Amino-containing lipids that were 
detected on TLC plates are ninhydrin-positive (Ivanova et al., 
2004). 

MK-6 was the major lipoquinone among isoprenoid quino- 
nes, as detected using HPLC (Nedashkovskaya et al., 2006d). 

The predominant cellular fatty acids are branched-chain sat- 
urated and unsaturated, namely, C, u, C,.., iso, C,,, @6c, C 5.o iso, 
Ciso iso 3-OH, C, iso 3-OH, and summed feature 3 (compris- 
ing any combination of Gua 0c, Cis 071, and Cis. iso 2-OH) 
(Table 45). In spite of the intraspecific heterogeneity of the 
fatty acids content of micro-organisms belonging to the family 
Flavobacteriaceae (Bernardet et al., 1996, 2002; Holmes, 1984a, 
1993), bacteria of the genus Formosa retain a high proportion of 
branched-chain saturated and unsaturated cellular fatty acids, a 
characteristic feature of the family Flavobacteriaceae. 

The cell morphology of Formosa algae KMM 3553" has been 
observed by atomic force microscopy (Ivanova et al., 2004) and 
that of strain KMM 3901" has been observed by scanning and 
transmission electron microscopy as described by Bruns et al. 
(2001). Cells of strain KMM 3901" showed budding fission 
(Figure 41). The buds are usually formed on mature cells of 
strain KMM 39017. In addition to producing buds, cells of KMM 
3901! formed a fibrillar network that connected them to one 
another. The formation of a fibrillar network by flavobacteria 
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TABLE 45. Fatty acid content (%) of whole-cell hydrolysates of Formosa 
strains* 
To S Sa 

se $8 $8 

E: E Š 

* = Š = Š = 
Fatty acid R z = z R Z 
Cio 15.5 8.7 11.4 
Cs 20H 1.5 1.8 1.6 
Cz 9-OH 2.3 2.4 4.0 
C,,,, 6c 8.5 6.0 11.8 
Czo iso 17.1 12:7 17:2 
C,,, iso G 9.9 6.5 11.4 
Cs. iso 3-OH 6.7 TT 10.5 
C,,,, anteiso 4.7 3.4 1.6 
C,,, anteiso A 1.0 tr - 
Cio Ll 1.6 - 
Cico OH tr 2.1 tr 
Cico iso 1.1 2.1 - 
C,,,, iso H tr 2.5 _ 
Ciso iso 3-OH 4.0 8.9 3.1 
C,,,, 2-OH 1.5 tr - 
C,,, @8¢ 1.2 tr - 
Cz 96c 3.5 3.2 1.4 
C,,,, iso œ9c 1.3 1.4 tr 
C,,,, iso 3-OH 9.6 8.5 10.7 
Summed feature 3 5.9 15.8 12.1 


‘Values of less than 1% for all strains are not shown. Summed feature 3, which 
could not be separated by the Microbial Identification System, consists of one or 


more of the following fatty acids: C,,, iso 2-OH, C,,, 076 and C,,, 071. tr, Trace 


amount (<1% of total); —, not detected. 


was first reported by Reichenbach (1989b). Similar features 
have also been found in strains of Winogradskyella (Nedashkovs- 
kaya et al., 2005a). The extracellular fibrils may facilitate attach- 
ment of cells to suitable substrates and to other cells, followed 
by biofilm formation on the surface of algae in natural habitats 
(Nedashkovskaya et al., 2005a). 

On solid media containing high nutrient concentrations (e.g., 
marine agar), colonies formed by Formosa algae KMM 3553" are 
circular, 1-3 mm in diameter, and low-convex. Colonies formed 
by Formosa agariphilaKMM 3901" are round, flat, 3-4 mm in diam- 
eter, translucent, and sunk into the agar, whereas colonies of For- 
mosa agariphila KMM 3962 are 2-3 mm in diameter and slightly 
sunk into the agar after 24—48 h. Colonies are pale to light yellow 
depending on the strain. The yellow color of the colonies is due 
to production of carotenoid pigments (with absorbance peaks at 
455 and 480 nm). Flexirubin pigments are not detected. 

Under laboratory conditions, growth of Formosa agariphila 
KMM 3901? in broth results in the formation of small aggre- 
gates. Cells of strains KMM 3553" and KMM 39017 produce a 
dense slime on solid media. 

There are no specific growth requirements for strains of 
Formosa. Some strains may require Na* ions for growth. Natu- 
ral seawater [50% (v/v)] may need to be added to the base 
medium when testing for acid production from carbohydrates. 
The temperature range for growth is 4—34^C, with optimum 
growth at 21-23*C. 

AII strains of Formosa algae and Formosa agariphila KMM 3962 
show remarkable resistance to benzylpenicillin, gentamicin, 
kanamycin, neomycin, polymyxin B, streptomycin ampicillin, 
carbenicillin, lincomycin, and oleandomycin. Formosa agariphila 
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KMM 3901" is susceptible to ampicillin, carbenicillin, lincomy- 
cin, and oleandomycin. 

Formosa strains have been isolated from marine habitats of 
the North Pacific. These organisms may be free-living or colo- 
nizers of the surfaces of marine algae. Formosa algae represents 
one of the numerically dominant groups of the brown alga 
(Fucus evanescens)-degrading enrichment community. Formosa 
agariphila KMM 39011 was isolated from the green alga Acro- 
siphonia sonderi in Troitsa Bay, Gulf of Peter the Great, East Sea 
(also known as the Sea of Japan). Formosa agariphila KMM 3962 
was isolated from seawater in Amursky Bay (Gulf of Peter the 
Great), East Sea. 


Enrichment and isolation procedures 


Species of Formosa can usually be isolated by direct inoculation 
of 0.1 ml algal homogenate or 0.1 ml seawater onto marine 
agar 2216 (Difco) or medium B.* Strains of Formosa algae were 
isolated from enrichment experiments during the degradation 
of the thallus of brown algae (Fucus evanescens) (Ivanova et al., 
2002a, b), with addition of a protein inhibitor for the endo- 
(1  3)-B-r-glucanases (Yermakova et al., 2002) to the enrich- 
ment culture. 

Short-term survival of Formosa can be achieved for approxi- 
mately 2 weeks on marine agar 2216 plates stored at 4° C. Long- 
term preservation of cultures can be accomplished in marine 
broth supplemented with 30% glycerol at -80*C. 


Differentiation of the genus Formosa from other genera 


Differential phenotypic features for the genus Formosa and its 
close relatives within the family Flavobacteriaceae are presented 
in Table 46. For most flavobacteria, determining generic affilia- 
tion based on phenotypic traits is difficult because of the great 
variation among species. A polyphasic taxonomic approach is 
recommended to differentiate different members of Flavobac- 
teriaceae. Species of Formosa share many similar phenotypic fea- 
tures with species of Algibacter and Gaetbulibacter. In contrast to 
Formosa, Psychroserbens burtonensis (Bowman et al., 1997) has a 
characteristic cell morphology, a non-saccharolytic metabolism, 
and a low DNA G+C content. Strains of Gelidibacter algens have 
different cell morphology and also contain significant levels 
of characteristic C,,, anteiso 10c and C,,, anteiso 7c fatty 
acids. 


1 1 


Taxonomic comments 


Thelevel of rRNA gene sequence similarity between Formosa algae 
KMM 3553" and Formosa agariphila KMM 3901" is 98.9-99.1%. 


Differentiation of species of the genus Formosa 


The identification of novel isolates as existing species of For- 
mosa may be problematic due to high interspecies variation in 
phenotypic characteristics, as occurs, for example, in Formosa 
agariphila. The correct allocation of newly discovered taxa will 
require partial and/or full sequencing of 16S rRNA genes and 
DNA-DNA hybridization. The differential characteristics of 
species of Formosa are given in Table 47. 


*Medium B contains: Bacto peptone (Difco), 0.02 g; casein hydrolysate (Merck), 
0.02 g; Bacto yeast extract (Difco), 0.02 g; 0.1% glucose, 0.01 g; KH,PO,, 0.002 g; 
MgSO ,7H,O, 0.0005 g; Bacto agar (Difco), 15 g; 500 ml natural seawater and 
500 ml distilled water; pH 7.5-7.8. 
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FIGURE 41. (a, b) Scanning electron micrographs of cells of Formosa agariphila strain KMM 39017, showing the 
rod-shaped morphology, budding (arrowheads), and thread-like structures formed by bacterial cells. (c-e) Trans- 
mission electron micrographs of ultrathin sections of cells of strain KMM 39017, showing thread-like structures (c, 
compare with (b)) and bud formation on mature cells (indicated by an arrowhead in d). Bars = 1 pm (a) and 0.5 
pm (b-e). Reproduced from Nedashkovskaya et al. (2006d). 


TABLE 46. Differential characteristics of the genus Formosa and other allied genera of the family Flavobacteriaceae*” 


E Š 5 E 
S = bat 
š S Ë Š Š & Š š š 
Characteristic S < Š Š 3 Š Š E 3 
Fermentation of glucose + + + - - - - 
Gliding motility + + + + _ + + + 
Presence of budding + _ _ _ - = = = 
Oxidase activity + + + _ nd + nd nd 
Catalase activity + + + + + + + + + 
Acid formation from carbohydrates + + + + _ + = = = 
Temperature range for growth,°C 4-34 4-35 13-40 -21037 -2 to 29 4-30 0-19 -2 to 20 -2 to 25 
Salinity range for growth (%) 0-8 1-6 1-7 0-8 0.6-12 1.2-5 2.4-8 0.6-7 1.5-12 
Hydrolysis of: 
Agar D + _ _ z = = = - 
Casein - = = D E 2 4 2 D 
Gelatin + + - D + + D + + 
Starch D + + D _ _ = = D 
Tween 80 _ _ _ D + + + + + 
Nitrate reduction D _ + _ = = = = = 
DNA G«C content (mol%) 34-36 31-33 34-35 36-42 37 49 27-29 35-36 38-41 


“Symbols: +, 90% or more of the strains are positive; —, 10% or less of the strains are positive; D, different reactions in different taxa (species of a genus or genera of a 


family); nd, not determined. 
"Data are from Bowman et al. (1997); Macián et al. (2002); Ivanova et al. (2004); Jung et al. (2005); Nedashkovskaya et al. (2004d, 2006d); Bowman and Nichols (2005); 
Mancuso Nichols et al. (2005); Jung et al. (2005). 
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TABLE 47. Phenotypic characteristics of Formosa strains*” 


= X 
en = 
Š i Ta 
= z Š ıı 
Characteristic S z ge 
p-Galactosidase activity = + 
Hydrolysis of agar = + 
Acid production from: 
p-Galactose - + 
Glycerol + - 
Utilization of r-arabinose and p-actose - t 
Susceptibility to tetracycline + = 
DNA G+C content (mol%) 34.0 35-36 


“Symbols: +, 90% or more of the strains are positive; —, 10% or less of the strains are positive; n, 


number of strains. 


>All strains are positive for the following characteristics: gliding motility; oxidase, catalase, and alka- 
line phosphatase activities; glucose fermentation; growth in 1-6% NaCl and at 4-30*C; hydrolysis 
of gelatin and esculin; acid formation from L-fucose, D-glucose, maltose, DL-xylose, and mannitol; 


and utilization of D-mannose. All strains are negative for the following characteristics: flexirubin 


pigments; urease activity; nitrate reduction; H,S, indole, and acetoin production; hydrolysis of 
casein, cellulose (CM-cellulose and filter paper), chitin, Tween 80, and DNA; acid formation from 
L-arabinose, cellobiose, p-lactose, melibiose, raffinose, L-rhamnose, L-sorbose, sucrose, acetate, 


citrate, fumarate, malate, adonitol, inositol, and sorbitol; utilization of sucrose, inositol, sorbitol, 


citrate, and malonate; and susceptibility to benzylpenicillin, gentamicin, kanamycin, neomycin, 


polymyxin B, and streptomycin. 


List of species of the genus Formosa 


1. Formosa algae Ivanova, Alexeeva, Flavier, Wright, Zhukova, 


Gorshkova, Mikhailov, Nicolau and Christen 2004, 707%” 
emend. Nedashkovskaya, Kim, Vancanneyt, Snauwaert, 
Lysenko, Rohde, Frolova, Zhukova, Mikhailov, Bae, Oh and 
Swings 2006d, 166 


al'ae. L. fem. gen. n. algae of an alga, pertaining to the 
source of isolation, brown algae. 


Characteristics are as described for the genus plus the 
following features. Exhibits gliding motility. Colonies are 
light yellow, circular, 1-3 mm in diameter, and low-convex 
on solid media containing high nutrient concentrations. 
Produces carotenoid pigments with absorbance peaks at 455 
and 480 nm. Flexirubin pigments are absent. No growth is 
detected at 2 or 37°C; optimum growth is at 23°C. Grows at 
pH 5.0-10.0; optimum pH is 8.0-8.5. Alkalitolerant. Grows 
in 0-6% NaCl. Does not hydrolyze agar or chitin. Starch, 
gelatin, and urea are weakly hydrolyzed. Hydrolyzes esculin 
and Tween 40. Acid is produced from L-fucose, D-glucose, 
maltose, pr-xylose, and mannitol, but not from r-arabinose, 
cellobiose, p-lactose, melibiose, raffinose, r-rhamnose, L- 
sorbose, sucrose, acetate, citrate, fumarate, malate, adonitol, 
inositol, or sorbitol. Utilizes D-mannose, but not sucrose, 
inositol, sorbitol, citrate, or malonate (API identification 
system; bioMérieux). H,S, indole, and acetoin (Voges- 
Proskauer reaction) are not produced. Nitrate can be 
reduced to nitrite. According to the Biolog system, utilizes 
Tween 40, D-galactose, gentiobiose, a-D-glucose, monosucci- 
nate, citric acid, p-glucuronic acid, succinamic acid, succinic 
acid, alaninamide, glycyl-L-aspartic acid, hydroxy-L-proline, 
L-ornithine, L-pyroglutamic acid, urocanic acid, thymidine, 
2-aminoethanol, and glycerol. Does not utilize o-cyclodex- 
trin, dextrin, glycogen, Tween 80, N-acetyl p-glucosamine, 
adonitol, cellobiose, r-arabinose, r-arabitol, i-erythritol, 


D-fructose, L-fucose, myo-inositol, a-p-lactose, lactulose, maltose, 
p-mannitol, D-mannose, melibiose, methyl a-p-glucoside, 
D-psicose, raffinose, L-rhamnose, D-sorbitol, sucrose, treha- 
lose, turanose, xylitol, acetic acid, cis-aconitic acid, formic 
acid, pn-galactonic acid lactone, n-galacturonic acid, p-glu- 
cosaminic acid, p-glucuronic acid, a-hydroxybutyric acid, 
B-hydroxybutyric acid, y-hydroxybutyric acid, p-hydroxyphe- 
nylacetic acid, itaconic acid, o-ketoglutaric acid, a-ketobu- 
tyric acid, a-ketovaleric acid, pr-lactic acid, malonic acid, 
propionic acid, quinic acid, p-saccharic acid, sebacic acid, 
bromosuccinic acid, glucuronamide, p-alanine, r-alanine, 
L-alanylglycine, L-asparagine, L-aspartic acid, L-glutamic acid, 
L-histidine, L-leucine, L-ornithine, L-phenylalanine, L-proline, 
D-serine, L-serine, L-threonine, DL-carnitine, y-aminobutyric 
acid, inosine, uridine, phenylethylamine, 2,3-butanediol, DL- 
a-glycerol phosphate, o-p-glucose 1-phosphate, or D-glucose 
6-phosphate. Not susceptible to ampicillin, lincomycin, 
benzylpenicillin, kanamycin, oleandomycin, tetracycline, 
neomycin, streptomycin, gentamicin, or polymyxin B. Phos- 
phatidylethanolamine is the only phospholipid identified. 
Sphingophospholipids are absent. 

Source: brown algae. 

DNA G+C content (mol % ): 84-35 (T. ). 

Type strain: KMM 3553, CIP 107684, KCTC 12364. 

Sequence accession no. (16S rRNA gene): AY228461. 


. Formosa agariphila Nedashkovskaya, Kim, Vancanneyt, 


Snauwaert, Lysenko, Rohde, Frolova, Zhukova, Mikhailov, 
Bae, Oh and Swings 2006d, 166% 
a.ga.ri.phi'la. N.L. neut. n. agarum agar; Gr. adj. philos loving; 
N.L. fem. adj. agariphila agar-loving. 

Cells are 0.4—0.6 pm in width, 0.8-1.2 pm in length, and can 
be connected by thread-like structures. Budding morphology 
may be observed. On marine agar, colonies are 2-4 mm in 


218 


diameter, yellow, circular, flat or convex, opaque or translu- 
cent, shiny with entire edges, and sunk into the agar. Growth 
occurs at 4—33°C; optimal temperature for growth is 21—23°C. 
Growth occurs in 1-8% NaCl. Agar, gelatin, and esculin are 
hydrolyzed, but not casein, DNA, Tween 80, cellulose (CM- 
cellulose and filter paper), or chitin. Acid is formed from 
L-fucose, D-galactose, D-glucose, maltose, DL-xylose,and manni- 
tol, but not from r-arabinose, cellobiose, p-lactose, melibiose, 
L-rhamnose, raffinose, L-sorbose, sucrose, adonitol, glycerol, 
dulcitol, inositol, or sorbitol. Utilizes r-arabinose, p-lactose, 
p-mannose, and sucrose, but not inositol, sorbitol, malonate, 
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or citrate. Produces f-galactosidase. Nitrate is not reduced to 
nitrite. H,S, indole, and acetoin (Voges-Proskauer reaction) 
production are not produced. Some strains are susceptible 
to ampicillin, carbenicillin, lincomycin, and oleandomycin. 
Resistant to benzylpenicillin, gentamicin, kanamycin, neomy- 
cin, polymyxin B, tetracycline, and streptomycin. 

Source: algae and seawater. 

DNA G«C content (mol % ): 35-36 (T). 

Type strain: KMM 3901, KCTC 12365, LMG 23005, DSM 
15362. 

Sequence accession no. (16S rRNA gene): AY187688. 


Genus XXII. Gaetbulibacter Jung, Kang, Lee, Lee, Oh and Yoon 2005, 1848"? 


THE EprroniAL BoARD 


Gaet.bu.li.bac'ter. N.L. n. gaetbulum -i gaetbul, the Korean name for a tidal flat; N.L. masc. n. bacter from 
Gr. neut. n. baktron rod; N.L. masc. n. Gaetbulibacter rod isolated from a tidal flat. 


Rods, 0.4—0.5 x 3.0—4.5 pm. Non-flagellated. Gliding motility 
is present. Nonsporeforming. Gram-stain-negative. Aerobic. 
Growth also occurs under anaerobic conditions on marine agar 
and on marine agar with nitrate. Colonies are yellow. Flexiru- 
bin pigments are absent. Optimal pH is 7.0—8.0; weak growth at 
pH 5.5; no growth at pH 5.0. NaCl range for growth is 0-7%; 
optimum is 2-596, but no growth is seen at >8%. Catalase- and 
oxidase-positive. Urease-negative. Nitrate is reduced. Starch is 
hydrolyzed, but not casein or gelatin. Acid is produced from 
a variety of carbohydrates. The predominant menaquinone is 
MK:-6. Isolated from tidal flat sediments. 

DNA G«C content (mol96): 34.7-34.9 (HPLC). 

Type species: Gaetbulibacter saemankumensis Jung, Kang, 
Lee, Lee, Oh and Yoon 2005, 1848". 


Further descriptive information 


Jung et al. (2005) reported that growth occurred under anaer- 
obic conditions after incubation in an anaerobic chamber on 
both marine agar (Difco) and on marine agar supplemented 
with nitrate, both of which had been prepared anaerobically 
using nitrogen. 

Gaetbulibacter strains are sensitive to the following antibiot- 
ics (concentration per disc is given in parentheses): lincomycin 
(15 pg), benzylpenicillin (10 U), and carbenicillin (25 pg). They 
are resistant to ampicillin (10 pg), gentamicin (10 pg), poly- 
myxin B (300 U), streptomycin (30 pg), tetracycline (30 pg), 
and neomycin (15 pg). 


Enrichment and isolation procedures 


The three available strains of Gaetbulibacter saemankumensis were 
isolated by the dilution plating technique on marine agar 2216 
(Difco), with incubation at 30°C. 


Differentiation of the genus Gaetbulibacter 
from related genera 


The ability of Gaetbulibacterstrains to reduce nitrate distinguishes 
them from members of the genera Algibacter, Bizionia, and 
Formosa. Unlike members of the genus Bizionia, Gaetbulibacter 
strains have gliding motility, form acid from carbohydrates, 
hydrolyze starch, do not hydrolyze casein or gelatin, and fail to 
produce H,S. Gaetbulibacter strains differ from those of Algibacter 
by growing in the presence of 7% NaCl and by their failure to 
hydrolyze gelatin. They differ from Formosa strains by growing 
in the presence of 7% NaCl and by lacking urease activity. 


Taxonomic comments 


By 16S rRNA gene sequence analysis, the closest neighbors 
of Gaetbulibacter saemankumensis are Algibacter lectus (94.9% 
sequence similarity), Bizionia paragorgiae (94.5%), and Formosa 
algae (93.8%). 

DNA-DNA relatedness values among the three available 
strains of Gaetbulibacter saemankumensis ranged from 83 to 106%, 
indicating that the strains are members of the same species 
(Jung et al., 2005). 


List of species of the genus Gaetbulibacter 


l. Gaetbulibacter saemankumensis Jung, Kang, Lee, Lee, Oh 
and Yoon 2005, 1848V* 


sae.man.kum.en'sis. N.L. masc. adj. saemankumensis of or 
belonging to Saemankum, from where the organism was 
originally isolated. 

Characteristics are as given for the genus, with the follow- 
ing additional features. Esculin, tyrosine, and Tween 20 are 
hydrolyzed, but not hypoxanthine, xanthine, or Tweens 40, 
60, and 80. The following enzyme activities are present (API 
ZYM system): N-acetyl-B-glucosaminidase, acid phosphatase, 
alkaline phosphatase, cystine arylamidase, esterase (C4), 


esterase lipase (C8), o-glucosidase, lipase (C14), leucine 
arylamidase, and valine arylamidase. Activities of the follow- 
ing enzymes are not found: o-galactosidase, p-galactosidase, 
P-glucuronidase, o-mannosidase, o-fucosidase, naphthol- 
AS-BI-phosphohydrolase, and trypsin. o-Chymotrypsin 
and f-glucosidase activities differ among strains (absent 
in the type strain). The following compounds are utilized 
as sole carbon and energy sources: cellobiose, D-fructose, 
D-galactose, D-glucose, L-rhamnose, and p-xylose. The fol- 
lowing compounds are not utilized: L-alanine, L-asparagine, 
D-gluconic acid, glycerol, L-malic acid, melibiose, propionic 
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acid, pyruvic acid, raffinose, r-serine, p-sorbitol, succinic 
acid, and trehalose. Utilization of maltose, L-proline, and 
sucrose differs among strains (positive for the type strain). 
Acid is produced from cellobiose, D-galactose, lactose, and 
maltose, but not from r-arabinose, D-fructose, D-mannitol, 
melezitose, melibiose, myo-inositol, raffinose, D-ribose, 
D-sorbitol, trehalose, or p-xylose. Acid production differs 
among strains for D-glucose and sucrose (positive for the 
type strain) and for D-mannose and L-rhamnose (negative 
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for the type strain). The major cellular fatty acids are C 
iso, C,- iso 3-OH, C; iso, C, 
Cu 07c and/or C,., iso 2-OH. 

Source: the type strain was isolated from tidal flat sediment 
at Saemankum, Pyunsan, Korea. 

DNA G+C content (mol96): 34.7-34.9 (HPLC). 

Type strain: SMK-12, DSM 17032, KCTC 12379. 

Sequence accession no. (16S rRNA gene): AY883937 (type 
strain). 
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anteiso, C,., iso 3-OH, and 


Genus XXIII. Gelidibacter Bowman, McCammon, Brown, Nichols and McMeekin 1997, 675"? 


JoHN P. BOWMAN 


Ge.li.di.bac'ter. L. adj. gelidus ice-cold or icy; N.L. masc. n. bacter rod; N.L. masc. n. Gelidibacter ice-cold 


or icy rod. 


Cells are rod-shaped or filamentous with rounded ends, 
0.4—0.6 x 1-15 pm. Gram-stain-negative. Cells occur singly, in 
pairs, and occasionally in chains. Spores and resting cells are 
not present. Gas vesicles and helical or ring-shaped cells are 
not formed. Motile by gliding. Strictly aerobic, with an oxida- 
tive type of metabolism. Catalase-positive. Oxidase-negative. 
Chemoheterotrophic. Colonies are yellow due to production 
of carotenoids. Flexirubin pigments are not produced. Strains 
require Na* for good growth. Best growth occurs in organic 
media containing seawater salts. Hydrolyze esculin, produce 
glutamate decarboxylase, and utilize D-glucose, glycogen and 
L-proline. Growth occurs between «4 and 25°C (optimum, 
20-25*C). Neutrophilic, with optimal growth occurring at pH 
7.0-7.5. The major fatty acids include C,., @10c iso, C; @10c 
anteiso, C; iso, C,. , anteiso, C,,, 7c and Cigo 3-OH iso. The 
major polyamine is homospermidine and the major isoprenoid 
quinone is menaquinone-6. The organisms inhabit seawater, 
polar sea-ice, polar saline lakes, and quartz stone sublithic com- 
munities from maritime, ice-free areas of Antarctica. 

DNA G+C content (mol96): 37-42. 

Type species: Gelidibacter algens Bowman, McCammon, 
Brown, Nichols and McMeekin 1997, 675%. 


Further descriptive information 


The genus Gelidibacter is a member of the family Flavobacteriaceae. 
The first strains of the genus to be isolated were from several 
Antarctic marine samples and the genus is most closely related 
to other Antarctic genera, including Subsaxibacter and Subsaxi- 
microbium (Bowman and Nichols, 2005). The genus contains 
four species: Gelidibacter algens, Gelidibacter gilvus, Gelidibacter 
mesophilus, and Gelidibacter salicanalis. 

Gelidibacter species typically form pale to bright yellow colo- 
nies with a mucoid consistency and with a spreading margin. 
The species are all active gliders. Gliding motility is best seen 
on nutrient-poor media or media containing utilizable carbo- 
hydrates. Cells appear usually as rods of highly variant lengths 
from coccobacilli to filamentous cells up to 15-20 pm long. 
In older cultures, cells may degenerate into spheroplast-like 
bodies approximately 1-2 nm in diameter. This feature is 
particularly obvious in some strains of Gelidibacter algens. 

Species in the genus Gelidibacter are strictly aerobic, saccha- 
rolytic chemoheterotrophs, but are also able to utilize a range 
of amino acids and organic acids. Amino acids are required 
for growth of some species; however, the specific amino acids 


required are currently unknown. Thus, for growth on single car- 
bon source media, yeast extract (approx. 0.1%) must be added. 
The ability to degrade macromolecules is present, although it 
varies considerably between species and even between strains. 
Acid is formed oxidatively from carbohydrates, although this 
can sometimes be weak. Acid production is best observed on 
a phenol red-containing oxidation/fermentation medium 
developed for marine bacteria (Leifson, 1963). Phenotypic 
tests that differentiate the species are shown in Table 48. All 
species synthesize several peptide arylamidases (Bowman and 
Nichols, 2005). Gelidibacter species do not denitrify, produce 
lipase (with olive oil as the substrate), or tolerate ox bile salts 
(1% concentration added to marine agar). Strains are also 
unable to degrade agar, alginate, carboxymethylcellulose, cel- 
lulose (crystalline power, filter paper), chitin, xylan, xanthine, 
or uric acid. Gelidibacter strains are usually negative for dextra- 
nase activity; however, equivocal results have been obtained on 
marine agar that contains dextran blue (Bowman et al., 1997). 
The following enzymic activities are not present among known 
Gelidibacter species: o-arabinosidase, f-glucuronidase, pyro- 
glutamate arylamidase, lysine decarboxylase, and ornithine 
decarboxylase. H,S is not formed from L-cysteine or thiosulfate, 
and indole is not produced. Gelidibacter species are unable to 
utilize the following carbon sources: L-fucose, salicin, valerate, 
citrate, itaconate, phenylacetate, caprate, adipate, suberate, DL- 
3-hydroxybutyrate, pr-lactate (some strains of Gelidibacter algens 
may exhibit weak growth on this substrate), or L-histidine. Due 
to weak growth on substrates and the need to add yeast extract 
to the medium for many strains, carbon source data should be 
considered with caution. 

Gelidibacter species, like other members of the family 
Flavobacteriaceae, have menaquinone-6 as the major isoprenoid 
quinone, accumulate primarily the polyamine homospermi- 
dine (Hamana and Nakagawa, 2001), and possess primarily 
branched chain C,.-C,, fatty acids (Table 49). 

Gelidibacter species inhabit various polar marine and marine- 
derived ecosystems, including seawater, sea-ice (especially in 
samples rich in algae) (Bowman et al., 1997), saline polar lakes, 
and quartz stone sublithic communities (Bowman and Nichols, 
2005; Smith et al., 2000). 16S rRNA gene clones of this genus 
are frequently recovered from these ecosystems, which sug- 
gests that the genus comprises numerically significant popula- 
tions in various permanently cold, aerobic, marine econiches 
(Brinkmeyer et al., 2003; Brown and Bowman, 2001; Groudieva 
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TABLE 48. Differential characteristics of Gelidibacter species* TABLE 49. Whole-cell fatty acids of Gelidibacter species* 
2 a ° 2 
g E £ Š g s š Š 
Š E š E Š Š š $ 
E E š š 3 &p š š 
Characteristic Š Š Š Š Fatty acid Š Š Š iS 
Growth on marine agar at 25° C d (w) t t + Saturated fatty acids: 
Yeast extract requirement _ + + = C oo nd nd nd tr 
Tolerance to NaCl at: Ds tr tr tr tr 
2.0M d (w) - + Css 2.4 3.2 5.3 4.1 
2.5M _ _ - + (w) an 1.6 2.2 1.9 1.2 
Starch hydrolysis + - + - HRD tr 1.2 tr tr 
Egg yolk reaction = = + = Branched chain fatty acids: 
Gelatin hydrolysis d Ex + + C, iso/anteiso nd nd tr tr 
Casein hydrolysis d _ = + Cu iso/anteiso 1.7 tr 1.0 tr 
Nitrate reduction to nitrate d _ _ _ Curo iso 2.8 tr tr tr 
Tyrosine decomposition + = + (w) + C,,, ©10c iso 11.4 5.3 5.7 6.7 
Enzyme activities: C,,,, @10c anteiso 15.9 14.6 11.8 16.6 
Arginine dihydrolase - - = + Cz iso 8.8 5.0 TT 3.4 
Esterase (Tween 80) d + - ú C; anteiso 177 13:7 10.5 11.5 
Extracellular DNase t - - - Cei iso/anteiso 10.3 1.6 1.4 5.1 
Urease _ = + (w) Ciso 180 4.4 1.4 3.5 3.5 
a-Galactosidase - + - + C, iso 2.3 m 2.1 1.9 
B-Galactosidase = + = + C,,,, anteiso 3.1 3.4 1.9 2.5 
6-Phospho--galactosidase + = + Monounsaturated fatty acids: 
a-Glucosidase + + + - Cua 2.7 2.8 3.0 4.2 
B-Glucosidase + + + _ 2a 076 4.3 6.8 7.4 9.5 
a-Fucosidase - + - + Cis @5¢ 1.0 Peal tr nd 
N-Acetyl-B-glucosaminidase d + + + Hydroxy fatty acids: 
Alkaline phosphatase + + - * Cz. 9-OH iso 2.2 6.2 4.0 3.5 
Proline arylamidase * = = Cis 3-OH anteiso tr 9.8 7.9 10.6 
Acid production from D-glucose + + (w) + + (w) Ciso OH tr 1.5 1.3 0.9 
Utilization of: Ciso 3-OH iso 4.1 12.2 11.5 10.7 
N-Acetyl-p-glucosamine d + = + C; 9-OH iso tr 3.1 2.8 nd 
pi-Arabinose = + = ú Ciz 9-OH anteiso 1.6 11.3 10.5 1.0 
p-Mannose - - t = Other nd 2.8 1.0 nd 
Maltose d + + + . ! ü 
Sucrose d " H _ “Values represent percentages of total fatty acids; tr, trace level detected (<1% of 
total fatty acids); nd, not detected. 
Acetate + _ _ 
Propionate _ d _ = 
L-Alanine u i = + (w) of golden-yellow and orange colonies can be indicative of 
L-Serine 2 d ~ T Gelidibacter strains, but identification requires further confir- 
DNA G+C content (mol%) 37 39 39-40 42 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); —, 0-15% positive; w, weak reaction. 


et al., 2004; Junge et al., 2002). Molecular analysis and cultural 
studies, however, indicate that this genus has a widespread dis- 
tribution in the world’s oceans. Members of the genus have 
been either isolated or detected in seawater, benthic and salt 
marsh sediment, and on the surfaces of microalgae, macroal- 
gae and salmonid fish, in several (mainly temperate) locations 
(Madrid et al., 2001; Kelly and Chistoserdov, 2001; Bowman and 
Nowak, 2004; Macián et al., 2002; Pinhassi et al., 2003; various 
unpublished sources). 


Enrichment and isolation procedures 


No selective methods are available for direct isolation of 
Gelidibacter species. Empirical approaches for isolation can be 
achieved most simply by suspension and dilution of marine 
samples (as indicated above) followed by serial dilution onto 
marine agar (Difco Laboratories, Oxoid). Plates are incubated 
aerobically in the dark between 4 and 20°C. The appearance 


mation with phenotypic characterization and 16S rRNA gene 
sequence analysis. 


Maintenance procedures 


Strains can be maintained for many years cryopreserved in 
marine broth containing 20-30% glycerol. Strains can survive 
for many months, potentially years, on thick agar plates or on 
slants when stored at 2-4^C. Strains may also be maintained by 
lyophilization, although the survival level is somewhat variable 
if 20% skim milk is used as a cryoprotectant. 


Differentiation of the genus Gelidibacter from other genera 


The most useful traits for differentiating Gelidibacter from other 
members of the Plavobacteriaceae include yellow pigmentation, 
lack of flexirubin pigments, gliding motility, strictly oxidative 
metabolism, ability to form acid from carbohydrates, ability to 
grow at low temperatures (e.g., 4°C), requirement for Na* for 
growth (or good growth on media containing sea salts), and lack 
of agarolytic activity. Several genera of the family Flavobacteriaceae 
possess at least some proportion of the above traits; thus, any phe- 
notypic-based identifications are at best tentative and 16S rRNA 
gene sequencing is required for any definitive identification. 
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List of species of the genus Gelidibacter 


1. Gelidibacter algens Bowman, McCammon, Brown, Nichols 
and McMeekin 1997, 675V! 


al'gens. L. part. adj. algens feeling cold, referring to the low 
temperature of the typical habitats of this species. 


Characteristics are as given for the genus, as listed in 
Table 48, and as indicated in the text. In addition, peptones 
alone can support growth (1% peptone in seawater). Acid 
is formed oxidatively from D-mannose, starch, and (weakly) 
from dextran. 

Source: sea-ice core, Ellis Fjord, Vestfold Hills, Antarctica 
(type strain). 

DNA G+C content (mol % ): 36-38 (T). 

Type strain: ACAM 536, ATCC 700364. 

Sequence accession no. (16S rRNA gene): U62914. 

Additional remarks: sequence accession numbers (16S rRNA 
gene sequences) for Gelidibacter algens strains ACAM 550 and 
ACAM 551 are U62916 and U62915, respectively. 


2. Gelidibacter gilvus Bowman and Nichols 2005, 1483"* 
gil'vus. L. masc. adj. gilvus pale yellow. 

Characteristics are as given for the genus, as listed 
in Table 48, and as indicated in the text. In addition, 
Gelidibacter gilvus strains form pale yellow colonies, unlike 
other Gelidibacter species, which produce colonies with 
more intense pigmentation. Also, unlike other Gelidibacter 
species, colonies of Gelidibacter gilvus are very sticky, viscid, 
and gummy in consistency due to the copious production 
of a so-far uncharacterized, cell-attached exopolysaccharide. 
Acid is produced oxidatively from r-arabinose, p-mannose, 
D-galactose, D-fructose, L-rhamnose, p-xylose, p-mannitol, 
Nacetyl-p-glucosamine, cellobiose, lactose, maltose, sucrose, 
trehalose, melibiose, inositol, and glycerol, but not from 
melezitose, raffinose, dextran, adonitol, or p-sorbitol. 

Source: sea-ice algae from fast sea-ice cores obtained from 
the coastal areas of the Vestfold Hills, an ice-free region of 
East Antarctica (type strain). 

DNA G+C content (mol % ): 39 (T). 

Type strain: 1C158, ACAM 1054, CIP 108531. 

Sequence accession no. (16S rRNA gene): AF001369. 


3. Gelidibacter mesophilus Macian, Pujalte, Marquez, Ludwig, 
Ventosa, Garay and Schleifer 2002, 1328? 


me.so.phi'lus. Gr. n. mesos middle; Gr. adj. philus loving; N.L. 
masc. adj. mesophilus middle (temperature)-loving, meso- 
philic. 

Characteristics are as given for the genus, as listed in 
Table 48, and as indicated in the text. Gliding motility is best 
observed on seawater mineral salts media containing carbo- 
hydrates, including r-rhamnose, raffinose, sucrose, cellobi- 
ose, or melibiose. In addition to those mentioned in Table 
48, the following carbon sources are utilized: D-galactose, 
trehalose, r-rhamnose, sucrose, melibiose, cellobiose, lac- 
tose, and amygdalin. 

Source: seawater from the Mediterranean coast of Valencia, 
Spain (type strain). 

DNA G+C content (mol96): 39-40 (T). 

Type strain: 25M29, CECT 5103, DSM 14095. 

Sequence accession no. (16S rRNA gene): AJ344133. 

Additional remarks: the GenBank accession number for 
the 16S rRNA gene sequence of Gelidibacter mesophilus CECT 
5104 (=2SM28) is AJ344134. 


4. Gelidibacter salicanalis Bowman and Nichols 2005, 1484V* 


sali.can.a'lis. L. n. sal salis salt; L. n. canalis -is channel; 
N.L. gen. n. salicanalis of the salt channel, referring to the 
sea-ice brine channel habitat of this species. 


Characteristics are as given for the genus, as listed in 
Table 48, and as indicated in the text. Colonies are golden 
with a smooth edge on nutrientrich media. On nutrient- 
poor media (such as 0.1x marine agar), colonies have a more 
pronounced spreading margin indicative of gliding cells. 
Acid is produced from L-arabinose, D-mannose, D-galactose, 
Nacetyl-b-glucosamine, cellobiose, lactose, maltose, sucrose, 
and trehalose. 

Source: sea-ice algae collected from pack-ice brine, South- 
ern Ocean (type strain). 

DNA G+C content (mol % ): 42 (T). 

Type strain: IC162, ACAM 1053, CIP 108532. 

Sequence accession no. (16S rRNA gene): AY694009. 


Genus XXIV. Gillisia Van Trappen, Vandecandelaere, Mergaert and Swings 2004a, 446"* 


STEFANIE VAN TRAPPEN 


Gil.lis'i.a. N.L. fem. n. Gillisia named after Monique Gillis, a Belgian bacteriologist, who has made major 


contributions to bacterial taxonomy. 


Rod-shaped cells, generally 0.5-0.7 x 3.0—4.0 um ( Gillisia limnaea, 
Gillisia mitskevichiae, and Gillisia myxillae) or 0.3—0.6 x 1.0—10.0 um 
(Gillisia illustrilutea, Gillisia sandarakina, and Gillisia hiemiviv- 
ida). Gram-stain-negative. Endospores are not produced. Non- 
motile by gliding. Strictly aerobic with respiratory metabolism. 
Chemo-organotrophic. Catalase-positive. Produce yellow or 
orange pigments. Flexirubin type pigments are not formed. 
Halotolerant to halophilic. Optimal growth occurs at 20-25*C, 
with the species Gillisia illustrilutea and Gillisia sandarakina being 
true psychrophiles. Strains are characterized by a unique fatty 
acid composition, with large amounts of branched fatty acids 


iso 3-OH are the main 


iso, and o 


(Ciso anteiso, C,., iso, C 
constituents). 

DNA G+C content (mol 96): 32—39. 

Type species: Gillisia limnaea Van Trappen, Vandecandelaere, 


Mergaert and Swings 2004a, 447°”. 
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Further descriptive information 


16S rRNA gene sequence analysis demonstrates that the genus 
belongs to the family Flavobacteriaceae, with the genera Algibacter, 
Aquimarina, Bizionia, Formosa, Mesonia, Psychroflexus, Salegent- 
ibacter, Stanierella, and Ulvibacter as nearest neighbors. 
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Fatty acids. In the genus Gillisia, the most dominant fatty 
acids are branched fatty acids with C,., anteiso, C,., iso, Ciso 
iso, and C,,,, iso 3-OH as the main constituents. However, the 
clear differences observed between Gillisia limnaea and Gillisia 
mitskevichiae on the one hand and Gillisia illustrilutea, Gillisia 
sandarakina, and Gillisia hiemivivida on the other (see Table 50) 
could be due to differences in growth conditions of the cultures 
that were used for fatty acid analysis. Strains of Gillisia limnaea 
and Gillisia mitskevichiae were grown on marine agar for 48 h at 
20 or 25°C, whereas strains of Gillisia illustrilutea, Gillisia sanda- 
rakina, and Gillisia hiemivivida were cultivated on marine agar at 
15 or 20°C for 3-5 d to yield sufficient cells. For Gillisia myxil- 
lae, the exact growth conditions of the culture that was used to 
determine the fatty acid composition are not known. 


Colonial and cultural characters. On marine agar, species 
have yellow (light orange for Gillisia sandarakina and Gillisia 
hiemivivida) colonies that are circular and convex with diam- 
eters of 1-4 mm and entire margins. The pigments are non- 
diffusible. Glisia illustrilutea, Gillisia sandarakina, and Gillisia 
hiemivivida form colonies with a butyrous consistency. For Gilli- 
sia limnaea, colonies on the AOA medium of Anacker and Ordal 
(1955) are flat, round with entire margins, and 0.7-0.9 mm in 
diameter after 14 d incubation. 


Nutrition and growth conditions. Gillisia species are 
cold-adapted. For Gillisia limnaea, growth occurs at 5-25*C with 


TABLE 50. Whole-cell fatty acid profiles of species of the genus Gillisia 


Š S š S 
* E 3 3 

s = E E E Š 

Š Š Ë Š 3 = 

š Š 38 TP —EP š 

E Ë = 8 3 š 
Fatty acid Š Š Š Š Š Š 
Giss 44 43 43 43 - 
eu tr z 17 t 318 16 
Czo iso tr 1.2 tr tr 1.3 _ 
C,,, iso 92 118 146 132 30 89 
C,,, anteiso 25 24 176 129 131 23 
Cso iso 72 75 82 32 35 166 
C; anteiso 9.7 5.1 10.2 9.1 19.5 12.5 
C,,, iso 30 60 38 62 42 - 
C,,, iso 74 93 144 158 27 62 
C,,, iso 73 40 22 34 18 36 
C; anteiso 7.7 2.1 3.3 3.0 4.7 3.5 
i 12 19. 14 17 23 v 
Gi. 20 4.7 - - - 2.5 
C,,, iso 3OH m 11 14 15 38 19 
C,,, anteiso 3-OH _ _ 9.9 8.6 14.6 _ 
Cso 2-OH 40 24 - - - 3.8 
C,,,, -OH - - - wo 11 - 
Cg, iso 3-OH 43 72 49 70 89 49 
C,,, iso 3-OH 98 67 14 17 14 94 
€,,, 2-OH 13.6 38 - - - 7.3 
C,,, 3-OH * = 60 55 19 = 
Czo anteiso 3-OH - - 1.6 1:2 tr - 
Summed feature 3^ 8.4 11.1 2.8 4.4 4.0 7.7 


*Data from: Bowman and Nichols (2005), Nedashkovskaya et al. (2005c), Van 
Trappen et al. (2004a), Lee et al. (2006b). Values are percentages of total fatty 
acids. tr, Trace amounts («1.096 of total); —, not detected. 


iso 2-OH and/or C., 7c. 


*Summed feature 3 comprises C MiGs 
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optimal growth at 20°C. The type strain of Gillisia mitskevichiae 
grows at 4—31°C with optimal growth at 25°C. The type strain of 
Gillisia myxillae grows at 4—28° C with optimal growth at 12—20°C; 
no growth occurs at 36*C or higher. Strains of Gillisia illustri- 
lutea and Gillisia sandarakina grow at 1—20°C, but not at 25°C 
or higher, indicating that these species are true psychrophiles. 
For Gillisia hiemivivida, growth occurs at 1-25*C with no growth 
at 30°C or higher. Gillisia illustrilutea, Gillisia sandarakina, and 
Gillisia hiemivivida can also grow at -2°C in marine broth. 

All species of the genus Gillisia can tolerate high salt concen- 
trations with Gillisia limnaea and Gillisia illustrilutea being moder- 
ately halotolerant (growth occurs in up to 1.5 M NaCl), whereas 
the other species are halophilic (for Gillisia mitskevichiae, growth 
is dependent on 0.2-2.5 M NaCl; for Gillisia myxillae, growth 
occurs in 2.0-10.0% NaCl with an optimum of 4.0-6.0% NaCl; 
for Gillisia sandarakina and Gillisia hiemivivida, growth is depen- 
dent on 0.2-1.5 M NaCl). 


Enrichment and isolation procedures 


Species of the genus Gillisia have been isolated from several 
aquatic habitats and the surface of a marine sponge. The type 
species, Gillisia limnaea, was isolated from a microbial mat from 
Lake Fryxell in the McMurdo Dry Valleys in Antarctica. Gillisia 
milskevichiae was derived from a seawater sample that was col- 
lected in Amursky Bay, Gulf of Peter the Great, Sea of Japan. 
The type strain of Gillisia myxillae was isolated from the surface 
of the marine sponge Myxilla incrustans. Gillisia illustrilutea, 
Gillisia sandarakina, and Gillisia hiemivivida were isolated from 
an Antarctic sea-ice algal assemblage. All strains were isolated 
on marine agar at relatively low temperatures (4—25°C) and 
with incubation for up to 14 d. For Gillisia limnaea and Gillisia 
illustrilutea, growth can also be obtained on trypticase soy agar 
(TSA), nutrient agar (NA), and the R2A medium of Reasoner 
and Geldreich (1985). 


Maintenance procedures 


Cultures can be maintained in the laboratory by transfer on 
the same media used for isolation. The recommended condi- 
tions for long-term storage are cryopreservation at -80*C or 
lyophilization. 


Differentiation from closely related taxa 


Table 51 indicates characteristics that are useful for distinguish- 
ing members of the genus Gillisia from related genera within 
the family Flavobacteriaceae. 


Taxonomic comments 


Based on 16S rRNA gene sequences of the type strains, the genus 
Gillisia forms a distinct lineage within the family Mavobacteri- 
aceae, which is supported by a very high bootstrap value (100%; 
see Figure 42). The highest sequence similarities (89.5-91.3%) 
are found with members of the genera Algibacter, Aquimarina, 
Bizionia, Formosa, Mesonia, Psychroflexus, Salegentibacter, [Stan- 
ierella], and Ulvibacter. Sequence similarities within the genus 
Gillisia are clearly higher (around 93.0-98.0%). 


Differentiation of species of the genus Gillisia 


The differential characteristics of species of the genus Gillisia 
are presented in Table 52. 


GENUS XXIV. GILLISIA 223 


TABLE 51. Differential characteristics of the genus Gillisia and other related taxa“ 


T š 
i š š Š 3 5 
b E Es Š ë Š E Eb Ej $ 
Characteristic © < < £3 = = x 2 2: Š 
Pigments Y/O O Y Y Y Y O Y O/R Y/O 
Flexirubins _ _ + _ _ _ _ = = + 
Gliding motility + + _ + D _ _ + 
Catalase + + + + + + + + _ + 
Growth at 25°C D + + + + + D + + + 
Requirement for sea salts D + + = = nd D = + + 
Nitrate reduction D - _ _ + _ D D _ + 
H,S production = x = nd nd + = + + = 
Acid from p-glucose D + - - nd - + + = = 
Hydrolysis of: 
Agar D + - - - = = + = 
Gelatin D + + + + D + + + 
Casein D _ + + nd + _ _ + = 
Starch D + + + D - + + - - 
Esculin D nd nd - nd nd D t nd nd 
DNA D - + D nd _ + + + _ 
DNA G+C content (mol%) 32-39 31-33 31-33 38-45 34 32-34 31-39 37-38 34 36-38 


"Data from: Bowman and Nichols (2005), Ivanova et al. (2004), Nedashkovskaya et al. (2004c, d, 2005c, d, f), Van Trappen et al. (2004a), and Lee et al. (2006b). 
Symbols: +, 90% or more of the strains are positive; —, 10% or less of the strains are negative; D, different reactions in different species of the genus; Y, yellow; O, orange; 
R, red; nd, not determined. 


0.1 
— s 


Lacinutrix copepodicola ACAM 1055! (A Y694001) 
92 L—— Winogradskyella thalassocola KMM 3907! (AY521223) 
Psychroserpens burtonensis ACAM 188" (U62913) 
oo| 4lgibacter lectus KMM 3902" (AY187689) 
93 |l — Bizionia paragorgiae KMM 60291 (AY651070) 
—— Formosa algae KMM 3553" (AY228461) 
Subsaximicrobium wynnwilliamsii ACAM 1070! (AY693997) 

dg r— Gelidibacter algens ACAM 536! (U62914) 
L—— Subsaxibacter broadyi ACAM 1064! (AY693999) 
Ulvibacter litoralis KMM 3912! (AY243096) 
74 Salegentibacter salegens ACAM 48! (M92279) 

—— — Mesonia algae KMM 3909" (AF536383) 

Psychroflexus torquis ACAM 623" (U85881) 

—— Gillisia illustrilutea ACAM 1062 " (AY694008) 
Gillisia sandarakina ACAM 1060 ! (AY694007) 
— Gillisia myxillae JCM 13564" (DQ202393) 

— Gillisia mitskevichiae KMM 6034 " (AY576655) 
r— Gillisia hiemivivida ACAM 1061 ! (AY694006) 
L Gillisia limnaea LMG 21470 ! (AJ440991) 
100 [—— Aquimarina muelleri KMM 6020! (AY608406) 
—— Stanierella latercula ATCC 23177! (M58769) 
Cellulophaga lytica ATCC 23178" (M62796) 
Kordia algicida KCTC 8814P" (AY195836) 
Polaribacter filamentus ATCC 700397" (U73726) 
Tenacibaculum maritimum NCIMB 2154! (AB078057) 
Leeuwenhoekiella marinoflava ATCC 193261 (M58770) 
— — — Croceibacter atlanticus ATCC BAA-628" (AY163576) 
94 [— Aequorivita antarctica DSM14231" (AY027802) 
I Vitellibacter vladivostokensis KMM 3516! (AB071382) 
]——kobiginitalea biformata ATCC BAA-864! (AY424899) 
82 Pibocella ponti KMM 60311 (AY576654) 
—Arenibacter latericius KMM 426" (AF052742) 
Zobellia uliginosa ATCC 14397! (M62799) 
100 L—Muricauda ruestringensis DSM 13258" (AF218782) 
— lavobacterium aquatile ATCC 11947! (M62797) 

Capnocytophaga ochracea ATCC 27872! (U41350) 

—— — Myroides odoratus ATCC 4651" (M58777) 
Chryseobacterium gleum ATCC 35910" (M58772) 


100 | 


100 


FIGURE 42. Neighborjoining dendrogram showing the estimated phylogenetic relationships of the genus Gillisia 
within the family Flavobacteriaceae on the basis of 16S rRNA gene sequences. Chryseobacterium gleum was chosen as 
outgroup. Bootstrap values over 70% are shown (percentages of 500 replicates). Bar, 1 nt substitution per 10 nt. 
Sequence database accession numbers for reference strains are shown in parentheses. 
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TABLE 52. Differential characteristics of species of the genus Gillisia* 


E š 3 š 
ES 3 Š < 
Characteristic S Š Š Š Š Š 
Pigments Y O Y Y O x 
Growth at 25°C + + - + - t 
Growth without salt + _ + _ _ _ 
Requirement for divalent cations = + = = + nd 
Tolerance to NaCl: 
2.0 M = = = + _ + 
2.5 M _ - - + - - 
Arginine dihydrolase = = = nd = = 
Nitrate reduction to nitrite _ _ _ _ + _ 
Hydrolysis of: 
Gelatin + + d + + _ 
Casein _ _ _ + _ + 
Starch - + - + + 
Tween 80 - + - + + _ 
L-Tyrosine - + d nd + nd 
Esculin + _ _ nd _ nd 
DNA _ - t + - + 
Urea _ + _ + _ _ 
Glutamate decarboxylase + + d nd + nd 
a-Galactosidase - - + nd _ _ 
Alkaline phosphatase + * d + + + 
Sole carbon and energy sources: 
Glycogen (+) + d nd = es 
N-Acetyl-p-glucosamine = + d nd = = 
p-Arabinose _ + d _ + + 
p-Mannose - + + _ + _ 
Maltose _ + + nd _ _ 
Sucrose _ + + + _ + 
L-Alanine - (+) + nd _ _ 
DNA G+C content (mol%) 39 34 32 36 36 34 


Data from: Bowman and Nichols (2005), Nedashkovskaya et al. (2005c), Van Trappen et al. (2004a), and Lee et al. (2006b). 
Symbols: +, 90% or more of the strains are positive; (+), weak positive reaction for 90% or more of the strains; —, 10% or less of 
the strains are negative; d, 11-89% of the strains are positive; Y, yellow; O, orange; nd, not determined. 


List of species of the genus Gillisia 


Gillisia limnaea Van Trappen, Vandecandelaere, Mergaert 
and Swings 2004a, 447Y* 


lim.nae'a. Gr. adj. limnaios of or from the marsh; N.L. fem. 
adj. limnaea living in the water, referring to the isolation 
source, microbial mats in Lake Fryxell. 


The morphological characteristics are as described for 
the genus. Cells are 0.7 pm wide and 3.0 pm long. Grows at 
5-25*C; optimal growth at 20°C. Weak growth is observed 
at 30°C and no growth occurs at 37°C. Convex, translucent 
colonies with diameters of 1-3 mm and entire margins are 
formed on marine agar plates after 6 d. Colonies on AOA 
are flat, round with entire margins, and 0.7-0.9 mm in diam- 
eter after 14 d. Growth also occurs on nutrient agar and R2A 
and colonies do not adhere to the agar. No growth on TSA. 
Growth occurs in up to 5% NaCl, but not in 10% NaCl. The 
physiological and nutritional characteristics of Gillisia lim- 
naea are presented in Table 52. Positive for cytochrome oxi- 
dase, catalase, and f-galactosidase. Esculin and gelatin are 
hydrolyzed. Acids are not produced from carbohydrates. 


Source: the type strain was isolated from microbial mats, 
Lake Fryxell, Antarctica. 

DNA G+C content (mol % ): 37.8-38.9 (HPLC; Mesbah et al., 
1989). 

Type strain: LMG 21470, DSM 15749. 

Sequence accession no. (16S rRNA gene): AJ440991. 


. Gillisia hiemivivida Bowman and Nichols 2005, 1485’? 


hi.em.i.vi.vi'da. L. fem. n. hiems -emis the cold (of winter); 
L. fem. adj. vivida lively; N.L. fem. adj. hiemivivida lively in 
the cold. 


The morphological characteristics are as described for 
the genus. Cells are 0.4-0.6 pm wide and 1.0-7.0 pm long. 
Growth occurs at 22?C in marine broth. Good growth occurs 
on marine agar at 1-25°C. No growth occurs at 30°C or 
higher. Colonies are circular and convex, with entire edges 
and butyrous consistency on marine agar. Requires sea salts 
for growth. Media supplemented only with Na* ions do 
not support growth. Grows in media containing 0.2-1.5 M 
NaCl, with optimal growth occurring in approximately 
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0.3-0.5 M NaCl. Grows in media prepared with 2x strength 
sea salts, but no growth occurs in 4x strength sea salts. Does 
not grow on TSA containing 1% (w/v) NaCl, TSA, or NA. 
Does not require yeast extract for growth. Can use inorganic 
nitrogen sources such as sodium nitrate and ammonium 
chloride. The physiological and nutritional characteristics 
of Gillisia hiemivivida are presented in Table 52. In mineral 
salts growth media, can utilize D-glucose, glycogen, N-acetyl- 
glucosamine, DL-arabinose, D-mannose, maltose, sucrose, 
sodium propionate, L-alanine (weak growth), and L-proline 
as sole carbon and energy sources. Hydrolyzes gelatin, starch, 
Tween 80, r-tyrosine, and urea. Produces o-glucosidase, 
P-glucosidase, and alkaline phosphatase. 

Source: the type strain was isolated from sea-ice algae col- 
lected from fast sea cores obtained from the coastal areas of 
the Vestfold Hills, an ice-free region of East Antarctica. 

DNA G+C content (mol % ): 34.0 (T. ; Sly et al., 1986). 

Type strain: 1C154, ACAM 1061, CIP 108528. 

Sequence accession no. (16S rRNA gene): AY694006. 


. Gillisia illustrilutea Bowman and Nichols 2005, 1484? 


il.lus.tri.lu.te’a. L. adj. illustris bright; L. fem. adj. lutea yellow; 
N.L. fem. adj. illustrilutea bright yellow. 


The morphological characteristics are as described for 
the genus. Cells are 0.3-0.5 um wide and 1.0-10.0 pm long. 
Growth occurs at 22°C in marine broth. Good growth occurs 
on marine agar at 1-20*C. No growth occurs at 25°C or 
higher. Colonies are circular and convex, with entire edges 
and a butyrous consistency on marine agar. Not halophilic. 
Grows in 0-1.25 M NaCl, with optimal growth occurring in 
approximately 0.2-0.3 M NaCl. Grows in media prepared 
with 2x strength sea salts, whereas no growth occurs in 4x 
strength sea salts. Grows on TSA containing 1% (w/v) NaCl, 
TSA, and NA. Does not require yeast extract for growth and 
can use inorganic nitrogen sources such as sodium nitrate 
and ammonium chloride. The physiological and nutri- 
tional characteristics of Gillisia illustrilutea are presented in 
Table 52. In mineral salts growth media, can utilize D-glu- 
cose, D-mannose, maltose, sucrose, sodium propionate, and 
L-proline as sole carbon and energy sources. Hydrolyzes DNA 
and produces o-galactosidase, o-glucosidase, and f-glucosidase. 

Source: the type strain was isolated from sea-ice algae col- 
lected from fast sea cores obtained from the coastal areas of 
the Vestfold Hills, an ice-free region of East Antarctica. 

DNA G+C content (mol % ): 32.0 (T ; Sly et al., 1986). 

Type strain: IC157, ACAM 1062, CIP 108530. 

Sequence accession no. (16S rRNA gene): AY694008. 


. Gillisia mitskevichiae Nedashkovskaya, Kim, Lee, Mikhailov 
and Bae 2005c, 322V* 


mit.ske.vi'chi.ae. N.L. gen. fem. n. mitskevichae of Mitskev- 
ich, named in honor of Irina N. Mitskevich, Russian marine 
microbiologist, for her contributions to the development of 
marine microbiology. 


The morphological characteristics are as described for 
the genus. Cells are 0.5-0.7 pm wide and 3.0-4.0 pm long. 
Growth occurs at 4-31°C. Colonies are circular, convex, and 
shiny with entire edges, 1-3 mm in diameter on marine agar 
2216. No growth is observed without Nat; grows in 1-12% 
NaCl. The pH range for growth is 5.5-10.0, with optimum 


growth occurring between pH 7.6 and 8.3. The physiological 
and nutritional characteristics of Gillisia mitskevichiae are 
presented in Table 52. Positive for oxidase, catalase, urease, 
and alkaline phosphatase. Casein, gelatin, DNA, urea, and 
Tweens 40 and 80 are degraded. Forms acid from glucose, 
sucrose, and Macetylglucosamine. Susceptible to ampicillin, 
carbenicillin, oleandomycin, lincomycin, streptomycin, and 
tetracycline; resistant to kanamycin, benzylpenicillin, neo- 
mycin, gentamicin, and polymyxin B. 

Source: the type strain was isolated from seawater collected 
in Amursky Bay, Gulf of Peter the Great, Sea of Japan. 

DNA G+C content (mol96): 36.4 (T'; Marmur and Doty, 
1962). 

Type strain: KMM 6034, KCTC 12261, NBRC 100590, LMG 
22575. 

Sequence accession no. (16S rRNA gene): AY576655. 


. Gillisia myxillae Lee, Lau, Tsoi, Li, Plakhotnikova, Dobretsov, 


Wu, Wong and Qian 2006b, 1797% 


my.xil'lae. N.L. fem. n. Myxilla systematic name of a genus of 
sponges; N.L. gen. fem. n. myxillae of/from Myxilla, referring 
to the isolation of the type strain from the sponge Myxilla 
incrustans. 


The morphological characteristics are as described for the 
genus. Cells are 0.5 um wide and 1.3-2.0 pm long. Growth 
occurs at 4—28°C, with optimum growth occurring between 
12.0 and 20.0*C. Colonies are circular, convex with a smooth 
surface and entire edges, and 2-4 mm in diameter on 
marine agar. No growth is observed without Na*; grows in 
2-10% NaCl. The pH range for growth is 5.0—10.0, with opti- 
mum growth occurring between pH 7.0 and 9.0. The physi- 
ological and nutritional characteristics of Gillisia myxillae are 
presented in Table 52. Positive for oxidase, catalase, lipase 
(C14), and tryptophan deaminase. Casein, starch, DNA, and 
Tweens 20 and 40 are degraded. Susceptible to benzylpeni- 
cillin, chloramphenicol, ampicillin, and tetracycline; resis- 
tant to streptomycin and kanamycin. 

Source: the type strain was isolated from the surface of the 
marine sponge, Myxilla incrustans, Friday Harbor, San Juan 
Island, WA. 

DNA G+C content (mol%): 34.6 (HPLC; Mesbah et al., 
1989). 

Type strain: JCM 13564, NRRL B-41416. 

Sequence accession no. (16S rRNA gene): DQ202393. 


. Gillisia sandarakina Bowman and Nichols 2005, 1484V* 


san.da.ra.kin'a. N.L. fem. adj. sandarakina (from Gr. fem. adj. 
sandarakiné) of orange color. 


The morphological characteristics are as described 
for the genus. Cells are 0.4-0.5 pm wide and 1.0-10.0 pm 
long. Growth occurs at 22°C in marine broth. Good growth 
occurs on marine agar at 1-20*C. No growth occurs at 25°C 
or higher. Colonies are small (1 mm diameter), circular, 
and convex, with entire edges and butyrous consistency on 
marine agar. Requires sea salts for growth. Media supple- 
mented only with Na* ions do not support growth. Grows in 
0.2-1.5 M NaCl, with optimal growth occurring in approxi- 
mately 0.3-0.5 M NaCl. Grows in media prepared with 2x 
strength sea salts, but no growth occurs with 4x strength 
sea salts. Does not grow on TSA, TSA containing 1% (w/v) 
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NaCl, or NA. Does not require yeast extract for growth and 
can use inorganic nitrogen sources such as sodium nitrate 
and ammonium chloride. The physiological and nutritional 
characteristics of Gillisia sandarakina are presented in Table 
52. In mineral salts growth media, can utilize D-glucose, 
DL-arabinose, D-mannose, sodium propionate (weak growth), 
and r-proline as sole carbon and energy sources. Hydro- 
lyzes gelatin, starch, Tween 80, and r-tyrosine. Produces 
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a-glucosidase, f-glucosidase, and alkaline phosphatase. 
Reduces nitrate to nitrite. 

Source: the type strain was isolated from sea-ice algae col- 
lected from fast sea cores obtained from the coastal areas of 
the Vestfold Hills, an ice-free region of East Antarctica 

DNA G+C content (mol % ): 36.0 (T. ; Sly et al., 1986). 

Type strain: 1C148, ACAM 1060, CIP 108529. 

Sequence accession no. (16S rRNA gene): AY694007. 


Genus XXV. Gramella Nedashkovskaya, Kim, Lysenko, Frolova, Mikhailov, Bae, Lee and Kim 2005e, 393° 


O aa |. NEpAsHKOvskAYA, SEUNG Bum Kim AND VALERY V. MIKHAILOV 


Gra.mel'la. N.L. dim. fem. n. Gramella named after of the Danish pharmacologist and pathologist Hans 
Christian Gram (1853-1938), who proposed the differential staining of bacteria. 


Thin rods usually measuring 0.5-0.7 x 2.1-3.6 pm. Motile 
by means of gliding. Produce non-diffusible yellow-orange 
pigments. No flexirubin type of pigments are produced. 
Chemo-organotrophs. Strictly aerobic. Halophilic. Positive for 
oxidase, catalase, and alkaline phosphatase. Arginine dihydro- 
lase, and lysine and ornithine decarboxylases are not produced. 
Agar, urea, and chitin are not hydrolyzed. The major respira- 
tory quinone is MK-6. Marine, from coastal habitats. Require 
seawater or sodium ions for growth. 

DNA G+C content (mol 96): 39—40. 

Type species: Gramella echinicola Nedashkovskaya, Kim, 
Lysenko, Frolova, Mikhailov, Bae, Lee and Kim 2005e, 3935". 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences 
indicated that the genus Gramella forms a cluster with species 
of the genera Salegentibacter and Mesonia (Lau et al., 2005c; 
Nedashkovskaya et al., 2005e). The 16S rRNA gene sequence 
similarity between Gramella echinicola KMM 6050" and Gramella 
portivictoriae UST040801-0017 is 98%. The level of DNA-DNA 
reassociation between strains KMM 6050! and UST040801-0017 
is 13% (Lau et al., 2005c). 

The main cellular fatty acids are straight-chain unsaturated 
and branched-chain unsaturated fatty acids (C,.,, anteiso, C,, , 
iso, Ciso Ciso Iso, Cigo iso 3-OH, C., iso 3-OH, and summed 
feature 3 comprising C,., iso 2-OH and/or C,., 7c). 

On marine agar 2216 (Difco), colonies are regular, round, con- 
vex, smooth, nontransparent, and bright orange or yellow, with 
entire edges and diameters of 2-4 mm after 48 h at 28-30*C. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), prepared 
with native or artificial seawater or supplemented with 2-3% 
NaCl. Good growth is observed on marine agar 2216 (Difco). 
Growth is observed at 4—37°C. The optimum temperature for 
growth is 23-30°C. Growth occurs in 1-15% NaCl and at pH 
6.0-10.0 (optimum pH 7.0-8.0). 


Gramella strains are susceptible to tetracycline, but resistant 
to kanamycin and streptomycin. Some strains may be suscepti- 
ble to ampicillin, chloramphenicol, doxycycline, erythromycin, 
neomycin, and penicillin, but resistant to gentamicin, carbeni- 
cillin, lincomycin, oleandomycin, and polymyxin B. 

The gramellas inhabit coastal marine environments and have 
been isolated from the sea urchin (Strongylocentrotus intermedius) 
and sediments collected in the temperate latitudes. 


Enrichment and isolation procedures 


Gramella strains were isolated from echinoderms and sediment 
samples by direct plating on marine agar (Difco). Either natural 
or artificial seawater is suitable for their cultivation. All isolated 
strains have been grown on media containing 0.5% peptone 
and 0.1-0.2% yeast extract (Difco). Cultures may stay alive on 
marine agar or other rich medium based on natural or artificial 
seawater for several weeks. They have survived storage at -80°C 
for at least 5 years. 


Differentiation of the genus Gramella from other genera 


There are many common traits between the genus Gramella 
and its closest relatives, Mesonia algae and Salegentibacter species. 
However, Gramella strains differ from Mesonza strains by their 
ability to hydrolyze starch and by a higher DNA G4C content 
(Nedashkovskaya et al., 2003a). Members of the genus Gramella 
may be distinguished from those of the genus Salegentibacter by 
production of H,S and by a higher DNA G+C content (Dobson 
et al., 1993; McCammon and Bowman, 2000; Nedashkovskaya 
et al., 2004g, 2005e, h, 2006c). 
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List of species of the genus Gramella 


1. Gramella echinicola Nedashkovskaya, Kim, Lysenko, Frolova, 
Mikhailov, Bae, Lee and Kim 2005e, 393°? 


e.chi.ni.co'la. L. n. echinus a hedgehog, a sea urchin; L. suff. 
-cola (from L. n. incola) dweller; N.L. n. echinicola a sea- 
urchin-dweller. 


Cells are 0.5-0.7 x 2.1-2.7 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, and 
yellow-orange in color. Growth occurs at 4-37*C. Hydrolyzes 
gelatin, starch, and Tweens 40 and 80, but not agar, urea, 
or chitin. No acid is formed from L-arabinose, cellobiose, 
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L-fucose, D-lactose, melibiose, L-rhamnose, DL-xylose, citrate, 
adonitol, dulcitol, glycerol, inositol, or mannitol. Does not 
utilize p-lactose, D-mannose, inositol, malonate, or citrate. 
Nitrate is not reduced. H,S and indole are not produced. 

Source: the only available strain was isolated from the sea 
urchin Strongylocentrotus intermedius in Troitsa Bay, Sea of 
Japan. 

DNA G+C content (mol % ): 39.6 (T). 

Type strain: KMM 6050, KCTC 12278, NBRC 100593, LMG 
22585. 

Sequence accession no. (16S rRNA gene): AY608409. 


2. Gramella portivictoriae Lau, Tsoi, Li, 
Dobretsov, Wong and Qian 2005c, 2499 
por.ti.vic.to'ri.ae. L. n. portus harbor; L. gen. fem. n. victoriae 
of victory; N.L. gen. fem. n. portivictoriae of Victoria Harbor, 
Hong Kong, the source of isolation of the type strain. 


Plakhotnikova, 


According to Lau et al. (2005c), cells of the type strain are 
0.6 um wide and 3.6 um long Figure 43. On marine agar, col- 
onies are 2-4 mm in diameter, circular, convex with smooth 
surfaces, and yellow. Growth is observed at 4—36°C. Growth 
occurs at pH 6.0-10.0 (optimum, 7.0-8.0). Esculin, gelatin, 
starch, and Tweens 40 and 80 are hydrolyzed, but not agar, 
urea, or chitin. D-Galactose, D-glucose, sucrose, and glyc- 
erol, but not citrate, are used as sole carbon sources on agar 
media supplemented with 4% (w/v) carbon source. Utiliza- 
tion of y-hydroxybutyric acid is observed with the MicroLog 
8 system. No growth or acid production occurs with carbon 
sources in the API 50CH, API 20E, and API 20NE test systems. 
Positive for the following enzyme activities: acid phosphatase; 
a-chymotrypsin; cystine, leucine, and valine arylamidases; 
esterase (C4); esterase lipase (C8); lipase (C14); a-galacto- 
sidase; a- and f-glucosidases; trypsin; and naphthol-AS-BI- 
phosphohydrolase. Negative for Macetyl-B-glucosaminidase, 
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FIGURE 43. Micrograph of strain Gramella portivictoriae UST040801- 
0017 showing the rod-shaped morphology; bar = 1 pm. (Printed with 
permission of P.-Y. Qian.) 


a-fucosidase, B-glucuronidase, o-mannosidase, and trypto- 
phan deaminase activities. Nitrate is not reduced. H,S and 
indole are not produced. Susceptible to chloramphenicol 
and tetracycline. Resistant to kanamycin and streptomycin. 
Source: the only available strain was isolated from sediment 
in Victoria Harbor, Hong Kong, South-China Sea. 
DNA G+C content (mol % ): 39.9 (T). 
Type strain: UST040801-001, JOM 13192, NRRL B-41137. 
Sequence accession no. (16S rRNA gene): DQ002871. 


Genus XXVI. Kaistella Kim, Im, Shin, Lim, Kim, Lee, Park, Lee and Lee 2004, 2323vP 


THE EprroniaL BoARD 


Ka.is.tel'la. L. dim. suff. -ella; N.L. fem. dim. n. Kaistella arbitrary name after KAIST, Korea Advanced Institute 


of Science and Technology. 


Rod-shaped cells. Nonsporeforming. Gram-stain-negative. Fla- 
gella not present. Aerobic. Colonies are yellow. Catalase- and 
oxidase-positive. No growth occurs on MacConkey agar. Nitrate 
is not reduced to N,. Indole-positive. B-Glucosidase-positive. 
Negative for arginine dihydrolase and f-galactosidase. No acid 
is produced from glucose. Esculin and gelatin are hydrolyzed, 
but not starch. Glucose, arabinose, and B-hydroxybutyrate are 
not assimilated. The major isoprenoid quinone is MK-6. Iso- 
lated from freshwater. 

DNA G+C content (mol96): 41-42. 

Type species: Kaistella koreensis Kim, Im, Shin, Lim, Kim, Lee, 
Park, Lee and Lee 2004, 2323W. 


Further descriptive information 


The genus description is based on data for three strains. Analy- 
sis based on 16S rRNA gene sequences indicated that the genus 
Kaistella belongs to the Chryseobacterium—Bergeyella—Riemerella 
branch of the family Flavobacteriaceae. 


Regarding the long-chain fatty acid content of Kaistella, C; 
iso was dominant, with significant levels of C,, , anteiso, C, iso 
3-OH, and C, iso @9c. Kaistella strains possessed the distinctive 
fatty acids C., iso and C... anteiso, similar to those found in 
members of the genera Bergeyella and. Riemerella. 

The following compounds are assimilated: acetate, adipate, 
L-alanine, caprate, citrate, glycogen, 4-hydroxybenzoate, inosi- 
tol, itaconate, DL-lactate, malate, malonate, maltose, mannitol, 
phenylacetate, L-proline, propionate, rhamnose, and suberate. 
No assimilation of the following occurs: N-acetylglucosamine, 
arabinose, fucose, glucose, histidine, 3-hydroxybenzoate, 
B-hydroxybutyrate, 2-ketogluconate, 5-ketogluconate, man- 
nose, melibiose, p-ribose, salicin, r-serine, sorbitol, p-sucrose, 
and valerate. 


17:1 


Differentiation of the genus Kaistella from other genera 


Kaistella strains differ from those of Chryseobacterium in that they 
do not produce acid from glucose, lack B-galactosidase activity, 
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cannot hydrolyze starch or assimilate glucose, arabinose or 
3-hydroxybutyrate, and cannot grow on MacConkey agar. 
Kaistella strains differ from those of Bergeyella and Riemerella in 
that they are indole-positive, have p-glucosidase activity, and 
grow aerobically on nutrient agar. Also, the DNA G+C contents 
of Kaistella strains are higher than those of Chryseobacterium, 
Bergeyella, and Riemerella species. 


FAMILY |. FLAVOBACTERIACEAE 


Taxonomic comments 


Kaistella koreensis Chj707* was most closely related to Chryseobac- 
terium balustinum ATCC 33487" and Chryseobacterium scophthal- 
mum LMG 130287 (94.3 and 94.1% 16S rRNA gene sequence 
similarities, respectively). Additional information can be found 
in Kim et al. (2004). 


List of species of the genus Kaistella 


1. Kaistella koreensis Kim, Im, Shin, Lim, Kim, Lee, Park, Lee 
and Lee 2004, 2323Y? 


ko.re.en'sis. N.L. fem. adj. koreensis pertaining to Korea, 
where the organisms were first isolated. 


The description is the same as that of the genus. 

Source: the available strains were isolated from natural 
mineral water from Daejeon City, Korea. 

DNA G+C content (mol % ): 41.2-41.6 (HPLC). 


Type strain: Chj707, IAM 15050, KCTC 12107. 

Sequence accession no. (16S rRNA gene): AF944179 (type 
strain, partial sequence). 

Additional remarks: the GenBank accession numbers for 
the 16S rRNA gene sequences of Kaistella koreensis strains Ko2 
(=KCTC 12108-IAM 15051) and Kol0 (=KCTC 12109-IAM 
15052) are AY294611 (complete sequence) and AY299974 
(partial sequence), respectively. 


Genus XXVII. Kordia Sohn, Lee, Yi, Chun, Bae, Ahn and Kim 2004, 678”? 


SaNG-JIN KIM 


Kor'di.a. N.L. fem. n. Kordia arbitrary name derived from the acronym KORDI, which stands for Korea 


Ocean Research and Development Institute. 


Straight rods. Nonmotile and nongliding. Gram-stain-negative. 
Strictly aerobic. Oxidase-positive, but catalase-negative. Produce 
extracellular polysaccharides and carotenoid-type pigments, 
but not flexirubin-type pigments. Several carbohydrates are 
used as sole carbon sources. Unable to grow in the absence of 
any of the ions Na*, Ca*, and Mg*. Require 1-5% (w/v) NaCl 
for growth, with optimal growth in 3% NaCl. Degrade gelatin, 
skimmed milk, and starch. Major cellular fatty acids are satu- 
rated iso-branched and 3-hydroxy iso-branched fatty acids. The 
respiratory quinone is menaquinone-6. 

DNA G+C content (mol % ): 34. 

Type species: Kordia algicida Sohn, Lee, Yi, Chun, Bae, Ahn 
and Kim 2004, 678%, 


Further descriptive information 


Cells are 0.3-0.5 x 2-5 pm when grown in ZoBell 2216e medium 
at 25°C for 24 h. Resting stages are absent. 

The colony color is yellow on ZoBell 2216e and tryptic soy 
agar (TSA) containing seawater, but white on peptone-seawater 
agar medium. After 3 d, colonies are about 1.2 mm in diameter, 
slightly convex (elevation), entire (margin), and round (config- 
uration). Growth occurs at 5-40*C, pH 6-10, and 1-5% NaCl. 
Grows optimally at 30°C, pH 7-8 and 3% NaCl. Sea salts (Nat, 
Ca*', and Mg?) are required for growth. H,S and indole are not 
produced. Nitrate is reduced to nitrite. Acid is not produced 
from glucose. The O/F test is negative with glucose. No growth 
occurs on urea, NH, or NO, as inorganic nitrogen sources; 
growth does occur when Casamino acids, sodium glutamate, 
peptone, tryptone, and yeast extract are supplied instead of an 
inorganic nitrogen source. Gelatin, skimmed milk, and starch 
are degraded, but not cellulose, carboxymethylcellulose, agar, 
chitin, alginate, pectin, or inulin. 

The following substrates are oxidized: o-cyclodextrin, dex- 
trin, glycogen, Macetyl-p-glucosamine, adonitol, i-erythritol, 


gentiobiose, o-p-glucose, maltose, D-mannitol, D-mannose, 
raffinose, sucrose, citric acid, p-glucuronic acid, o-ketoglutaric 
acid, pr-lactic acid, quinic acid, succinic acid, alaninamide, 
L-aspartic acid, r-glutamic acid, glycyl-L-aspartic acid, glycyl-L- 
glutamic acid, r-ornithine, L-proline, L-threonine, DL-carnitine, 
uridine, glucose 1-phosphate, and glucose 6-phosphate. 

The following substrates are not oxidized: Tween 40, Tween 
80, Macetyl-p-galactosamine, L-arabinose, p-arabitol, cellobiose, 
D-fructose, L-fucose, D-galactose, myo-inositol, o-D-lactose, lactu- 
lose, melibiose, methyl B-p-glucoside, p-psicose, L-rhamnose, 
D-sorbitol, trehalose, turanose, xylitol, methyl pyruvate, monom- 
ethyl succinate, acetic acid, cis-aconitic acid, formic acid, 
p-galactonic acid lactone, p-galacturonic acid, p-gluconic acid, 
p-glucosaminic acid, a-hydroxybutyric acid, B-hydroxybutyric 
acid, y-hydroxybutyric acid, p-hydroxyphenylacetic acid, itaconic 
acid, o-ketobutyric acid, a-ketovaleric acid, malonic acid, pro- 
pionic acid, p-saccharic acid, sebacic acid, bromosuccinic acid, 
succinamic acid, glucuronamide, p-alanine, L-alanine, r-alanyl- 
glycine, L-asparagine, L-histidine, hydroxyl-L-proline, L-leucine, 
L-phenylalanine, L-pyroglutamic acid, D-serine, L-serine, y-amin- 
obutyric acid, urocanic acid, inosine, thymidine, phenyleth- 
ylamine, putrescine, 2-aminoethanol, 2,3-butanediol, glycerol, 
and pr-c-glycerol phosphate. 

Distinctive features of the fatty acid profile are the presence 
of a high level of C; iso (41.2%) and the presence of C,, , iso 
3-OH, C,,, iso 3-OH, and C, iso 3-OH. 

The type strain was isolated from a seawater sample associ- 
ated with a red tide in Masan Bay, Republic of Korea. 


Enrichment and isolation procedures 


Kordia algicida was isolated by enrichment culture of seawater 
samples collected during an outbreak of red tides caused by a 
microalga. A seawater sample was collected at a depth of 1 m from 
Masan Bay, Republic of Korea, during an algal bloom caused 


GENUS XXVII. KORDIA 


by a marine microalga, Skeletonema. costatum. The sample was 
filtered through a 1.2-um pore-size membrane filter, co-cultured 
with Skeletonema costatum, and incubated at 20°C under a cycle of 
light (approx. 5,000 lux for 14 h) and dark (10 h) periods. The 
cells of Skeletonema costatum in a co-culture tube were completely 
killed after 3 d. The bacterium responsible for killing Skeletonema 
costatum was isolated from the co-culture tube using ZoBell 2216e 
agar medium (Sohn et al., 2004). Kordia algicida also showed algi- 
cidal activity against other algal species, namely, Thalasiossira sp., 
Heterosigma akashiwo, and Cochlodinium polykrikoides. 


Maintenance procedures 

Kordia algicida can be maintained as a glycerol suspension (20%, 
w/v) at —80°C. 

Differentiation of the genus Kordia from other genera 


Characteristics that differentiate the genus from other phyloge- 
netically related genera in the family Flavobacteriaceae are given 
in Table 53. 
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Taxonomic comments 


Kordia algicida is the only member of the genus Kordia and, 
based on 16S rRNA gene sequence analysis, is not closely 
related to any known genera. The highest similarities were to 
the type strains of Cytophaga latercula (92.5%), Flexibacter tractuo- 
sus (92.1%), Salegentibacter salegens (91.0%), Cellulophaga lytica 
(90.9%), Cellulophaga fucicola (90.7%), Tenacibaculum maritimum 
(90.5%), and Polaribacter franzmannii (90.1%). The position of 
Kordia algicida is not stable within the Cytophaga—Flavobacterium— 
Bacteroides complex, because branching positions in the trees 
varied depending on phylogenetic methods employed (Sohn 
et al., 2004). The estimated genome size of Kordia algicida is 
about 5.0 Mbp (https:/ /moore jcvi.org/moore/SingleOrgan- 
ism.do?speciesTag-KAOTl &pageAttr=pageMain). The partial 
genome sequencing is now finished and the further annotation 
work is in progress (http://www.moore.org/program_areas/ 
science/initiatives/marine microbiology/initiative marine - 
microbiology.asp). 


TABLE 53. Differential characteristics of Kordia algicida and phylogenetically most closely related genera in the 


family Flavobacteriaceae^^ 


š Š 
8 T = = 
E š š š 3 * 
3 š š t 3 E E 
E E * š Š E: = 
S = š S S 3 S 
Characteristic x < àd = A a a 
Pigment Y V Y Y V Y Y 
Flexirubin reaction _ D - -d - - 
Cell shape: 
Rod t + + + D + + 
Filament _ D nd nd D _ + 
Gliding motility = D nd D _ = = 
Sea salts requirement + + + + D + + 
Growth at 4°C + D - D + +° + 
Growth at 25°C + + + + D + + 
Nitrate reduction + - - D D - - 
Acid from carbohydrates _ D - nd * = = 
Enzyme activity: 
Catalase _ D + + + + + 
Oxidase + + + + D _ + 
Agarase u D nd nd nd 
Amylase + D = D + + = 
B-Galactosidase - D + nd D + - 
Caseinase + + + +4 D nd + 
Esculinase - nd nd _ D: + + 
Gelatinase + + + D D + - 
DNA G+C content (mol%) 34 31-37.1 33-39 30-33.6 30-33.2 33.9 38 
Isoprenoid quinone MK-6 MK-6* nd MK-6 MK-6' MK-6 MK-6 


“Symbols: +, >85% positive; —, 0-15% positive; D, different reactions occur in different taxa (species of a genus); w, weak reaction; nd, 


not determined; Y, yellow; V, variable color. 


"Data from Sohn et al. (2004), Nedashkovskaya et al. (2005g, 2006f), Khan et al. (20062), Jung et al. (2006), Gosink et al. (1998), 


Choi and Cho (2006), and Yoon et al. (20052). 


*Based on phylogenetic analysis, this genus should be reclassified in the same clade as the genus Krokinobacter. 


"Except Tenacibaculum litoreum which has not been determined. 
*Grows at 5°C. 
'Except Polaribacter butkevichii which has not been determined. 


*Data not available for Aquimarina latercula. 
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List of species of the genus Kordia 


1. Kordia algicida Sohn, Lee, Yi, Chun, Bae, Ahn and Kim 2004, 
678°" 


al.gi'ci.da. L. fem. n. alga -ae alga; L. suff. -cida (from L. v. 
caedere to cut or to kill), killer; N.L. n. algicida alga-killer. 


The description of this species is the same as that of the genus. 


Source: the type strain was isolated from a seawater 
sample associated with a red tide in Masan Bay, Republic 
of Korea. 

DNA G+C content (mol 96): 34 (HPLC). 

Type strain: OT-1, KCTC 8814P, NBRC 1000336. 

Sequence accession no. (16S rRNA gene): AY195836. 


Genus XXVIII. Krokinobacter Khan, Nakagawa and Harayama 2006a, 326"* 


THE EprroniaL BoARD 


Kro.ki'no.bac.ter. Gr. adj. krokinos yellow; N.L. masc. n. bacter from Gr. n. bakterion rod; N.L. masc. n. 


Krokinobacter a yellow, rod-like bacterium. 


Rods, 0.5-0.7 x 2.5-4.0 pm. Gram-stain-negative. Aerobic. 
Lemon-yellow carotenoid-type pigments are present. Flexiru- 
bin-negative. Catalase- and oxidase-positive. Gelatin, casein, and 
DNA are hydrolyzed, but not agar, carrageenan, cellulose, chi- 
tin, starch, or urea. Very weak growth, or no growth, occurs at 
temperatures below 10*C and above 30*C. No growth occurs in 
the presence of 0 or 10% NaCl. No acid is produced from glu- 
cose. Nitrate is not reduced. Denitrification does not occur. The 
following substrates are utilized: aspartic acid, dextrin, cellobi- 
ose, D-fructose, gentiobiose, o-D-glucose, glutamic acid, glycine, 
glycyl-L-aspartic acid, lactose, lactulose, maltose, methyl-p-p- 
glucoside, ornithine, raffinose, sucrose, trehalose, turanose, 
proline, threonine, and uridine. Do not utilize the following 
substrates: aconitic acid, adonitol, alaninamide, alanine, amin- 
obutyric acid, aminoethanol, arabitol, asparagine, bromosuc- 
cinic acid, butanediol, carnitine, citric acid, erythritol, formic 
acid, fucose, galactonic acid lactone, galactose, galacturonic 
acid, gluconic acid, glucosaminic acid, glucose phosphate, 
glucuronamide, glucuronic acid, glycerol, glycerol phosphate, 
glycyl-1-glutamic acid, histidine, a-, B- and y-hydroxybutyric 
acids, phydroxyphenylacetic acid, inosine, inositol, itaconic 
acid, a-ketobutyric acid, a-ketoglutaric acid, o-ketovaleric acid, 
leucine, malonic acid, mannose, melibiose, phenylalanine, phe- 
nylethylamine, propionic acid, psicose, putrescine, pyroglutamic 
acid, pyruvate, quinic acid, rhamnose, saccharic acid, sebacic 
acid, serine, sorbitol, succinamic acid, succinic acid, succinate, 
thymidine, urocanic acid, and xylitol. The major cellular fatty 
acids are C,., iso, C,., iso, C,,,. iso 3-OH, and summed feature 
A (C,,, 97c and/or C; iso 12-OH; fatty acids that could not be 
separated by GC). Isolated from marine sediment samples. 

DNA G+C content (mol 96): 33-39. 

Type species: Krokinobacter genikus Khan, Nakagawa and 
Harayama 20062, 326%". 


Enrichment and isolation procedures 


Five Krokinobacter strains were isolated from marine sedi- 
ment samples collected from the Pacific coastline of Japan. 
Three-day-old colonies on marine agar were lemon-yellow, 
slightly convex, and 1-2 mm in diameter. The organisms were 


Gram-stain-negative rods, 0.5-0.7 x 2.5-4.0 um, and were nega- 
tive for the presence of flexirubin-type pigments. Their opti- 
mum growth temperature was 15-25*C. 


Differentiation of the genus Krokinobacter 
from related genera 


Unlike members of the genus Cellulophaga, Krokinobacter strains 
are unable to hydrolyze agar and starch. Their ability to hydro- 
lyze casein and DNA, but not agar or starch distinguishes 
them from strains of Algibacter. Unlike Psychroserpens strains, 
Krokinobacterstrains hydrolyze DNA and have a higher DNA G+C 
content (33-39 mol% vs 27-29 mol%). Krokinobacter strains dif- 
fers from members of the genera Psychroflexus and Salegentibacter 
by their ability to hydrolyze casein, but not starch, and also dif- 
fer from Salegentibacter strains by reducing nitrate. 


Taxonomic comments 


Based on 16S rRNA gene sequence analysis, the five strains 
formed a distinct monophyletic cluster within the family 
Flavobacteriaceae. The most closely related species with a validly 
published name was Cellulophaga lytica, with sequence similari- 
ties of 91.2-91.7%. 

DNA-DNA hybridization experiments with the five strains 
indicated that the strains should be classified as representa- 
tives of three species: Krokinobacter genikus (three strains), 
Krokinobacter diaphorus (one strain), and Krokinobacter eikastus 
(one strain). 


Differentiation of species of the genus Krokinobacter 


Krokinobacter genikus can be differentiated from Krokinobacter 
diaphorus and Krokinobacter eikastus by its ability to utilize ace- 
tic acid, but not mannitol, and by the absence of arachidonic 
acid (C,,, 6c) in its fatty acid profile. Krokinobacter diaphorus 
differs from the other two species in being unable to use both 
acetic acid and mannitol and in having a lower DNA G4C con- 
tent (33 mol% vs 37-38 mol%). Krokinobacter eikastus can be 
differentiated from the other two species by its ability to use 
mannitol, but not acetic acid. 


List of species of the genus Krokinobacter 


l. Krokinobacter genikus Khan, Nakagawa and Harayama 
2006a, 326°? 
ge'ni.kus. N.L. masc. adj. genikus from Gr. masc. adj. genikos 
principal, typical. 


The characteristics are as given for the genus, with the fol- 
lowing additional features. Colonies on marine agar 2216 are 
yellow and slightly convex. Grows optimally at 20°C and with 
3% NaCl. Acetic acid is utilized, but not mannitol. Unlike 


GENUS XXIX. LACINUTRIX 


other Krokinobacter species, does not contain arachidonic 
acid as part of the cellular fatty acid composition. 

Source: the type strain was isolated from marine sediment 
at Odawara, Japan. 

DNA G+C content (mol % ): 37-39 (HPLC). 

Type strain: Cos-13, CIP 108744, NBRC 100811. 

Sequence accession no. (16S rRNA gene): AB198086. 


2. Krokinobacter diaphorus Khan, Nakagawa and Harayama 
2006a, 327°? 


di.aph’or.us. N.L. masc. adj. diaphorus from Gr. masc. adj. dia- 
phoros different, unlike. 


The characteristics are as given for the genus, with the 
following additional features. Colonies on marine agar 2216 
are slightly convex and yellowish. Grows optimally at 20°C 
and with 3% NaCl. Neither acetic acid nor mannitol is uti- 
lized. The cellular fatty acids include arachidonic acid. 

Source: the type strain was isolated from marine sediment 
at Kisarazu, Japan. 
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DNA G+C content (mol % ): 33 (HPLC). 
Type strain: MSKK-32, CIP 108745, NBRC 100817. 
Sequence accession no. (16S rRNA gene): AB198089. 


3. Krokinobacter eikastus Khan, Nakagawa and Harayama 
2006a, 327" 


ei.kas'tus. N.L. masc. adj. eikastus from Gr. masc. adj. eikastos 
similar, comparable. 


The characteristics are as given for the genus, with the fol- 
lowing additional features. The optimal growth temperature 
is 20°C and the optimal salt concentration is 3%. Colonies 
are slightly convex and yellowish on marine agar 2216. Man- 
nitol is utilized, but acetate is not utilized. The cellular fatty 
acids include arachidonic acid. 

Source: the type strain was isolated from marine sediment 
collected at Kisarazu, Japan. 

DNA G+C content (mol96): 38 (HPLC). 

Type strain: PMA-26, CIP 108743, NBRC 100814. 

Sequence accession no. (16S rRNA gene): AB198088. 


Genus XXIX. Lacinutrix Bowman and Nichols 2005, 1482"* 


JoHN P. BOWMAN 


La.ci.nu'trix. L. n. lacus lake; L. fem. n. nutrix feeder; N.L. fem. n. Lacinutrix lake feeder (in the sense of 


contributing to lake food chains). 


Straight or slightly curved rod-shaped cells, 0.4—0.5 x 1-2 pm. 
Cells occur singly or in pairs. Spores and resting cells are not 
present. Gas vesicles and helical or ring-shaped cells are not 
formed. Nonmotile. Gram-stain-negative. Strictly aerobic, with 
an oxidative type of metabolism. Catalase- and oxidase-positive. 
Chemoheterotrophic. Colonies are golden-yellow due to pro- 
duction of carotenoids. Flexirubin pigments are not produced. 
Sodium ions are required for growth. Best growth occurs in 
organic media containing seawater salts. Grows between -2 
and 25°C, with temperature optima of 15-20*C in seawater- 
containing media. Neutrophilic, with optimal growth occurring 
at about pH 7.5. The major fatty acids include C,., @10c iso, 
C,,., ©10canteiso, C; iso, C, , anteiso, and C, iso. The major 
isoprenoid quinone is menaquinone-6. Habitat: Antarctic saline 
lakes in association with the calanoid copepod species Paralabi- 
docera antarctica. 

DNA G+C content (mol % ): 37. 

Type species: Lacinutrix copepodicola Bowman and Nichols 
2005, 1482". 


Further descriptive information 


The genus Lacinutrixis a member of the family Flavobacteriaceae, 
represented at the time of writing by a single species, Lacinutrix 
copepodicola, which was isolated directly from copepod samples 
collected from an Antarctic lake with marine salinity (Bowman 
and Nichols, 2005). Physiologically the species has features 
that are consistent with the majority of members of the family 
Flavobacteriaceae, including Gram-stain-negative cell walls, an 
aerobic chemoheterotrophic metabolism, the ability to synthe- 
size carotenoids, the formation of mainly branched chain fatty 
acids, and the possession of menaquinones as the primary respi- 
ratory isoprenoid quinones. Based on available cultivation and 


molecular data (unpublished data from the National Center 
of Biotechnology Information; http://www.ncbi.nlm.nih.gov), 
members of the genus Lacinutrix appear to be widely distrib- 
uted in marine habitats, including polar sea-ice, and in associa- 
tion with marine algae and animals collected from high latitude 
oceanic regions. Members of the marine genus Psychroserpens, 
which are the closest relatives of Lacinutrix, also have a similar 
distribution pattern in the marine environment. 


Isolation and maintenance procedures 


Strains can be isolated directly from source material, typically 
cold water marine samples (<10°C), as described above by 
serial dilution plating directly onto marine agar 2216 (Difco) 
and incubation at 2-15*C. Routine cultivation should be per- 
formed aerobically on marine agar 2216 at 15-20*C. Strains can 
be maintained as frozen suspensions in marine broth 2216 con- 
taining 20-30% (v/v) glycerol at -70°C. Strains may survive for 
several months, potentially years, on thick-agar (marine agar 
2216) plates or on slants, stored at 2-4^C. 


Differentiation of the genus Lacinutrix from other genera 


The most useful traits for differentiating Lacinutrix from other 
members of the Flavobacteriaceae include yellow pigmentation, 
lack of flexirubin pigments, lack of motility, a strictly oxidative 
metabolism, formation of acid from carbohydrates, growth at 
low temperatures (e.g., 4°C), requirement for sodium ions for 
growth (or good growth on sea-salts-containing media), and 
lack of agarolytic activity. Several genera of the family Flavobac- 
leriaceae possess at least some proportion of the above traits; 
thus, any phenotypic-based identifications are at best tentative 
and 16S rRNA gene sequencing is required for any definitive 
identification. 


232 


FAMILY |. FLAVOBACTERIACEAE 


List of species of the genus Lacinutrix 


1. Lacinutrix copepodicola Bowman and Nichols 2005, 1482V* 


co.pe.pod.i'col.a. N.L. neut. pl. n. copepoda copepods (small 
type of crustacean); L. fem. or masc. suff. -cola (from L. n. 
incola) the dweller, inhabitant; N.L. masc. or fem. n. copepodi- 
cola the inhabitant of copepods. 


Characteristics are as described for the genus, with the 
following additional features. Colonies are golden-yellow, 
circular, convex, with an entire edge and a butyrous con- 
sistency on marine agar 2216. Growth occurs in 0.1-2.0 M 
NaCl, with optimal growth at seawater salinities (0.3-0.4 M 
NaCl). Grows well in media containing 2x strength sea salts; 
no growth occurs with 4x strength sea salts. Does not require 
divalent cations found in seawater for growth; all salinity 
requirements can be met with NaCl. Grows poorly on trypti- 
case soy agar (Oxoid) containing 1% (w/v) NaCl. Does not 
grow on trypticase soy agar or nutrient agar (Oxoid). Can 
grow on a mineral salts medium prepared with sea salts and 
containing ammonium chloride or sodium nitrate as the sole 
nitrogen source and p-glucose as the sole carbon and energy 
source. Other sole carbon and energy sources include gly- 
cogen, D-mannose, maltose, sucrose, and L-proline, but not 
Nacetyl-p-glucosamine, r-rhamnose, DL-arabinose, L-fucose, 
p-melibiose, salicin, acetate, propionate, valerate, caprate, 
adipate, suberate, citrate, DL-3-hydroxybutyrate, pr-lactate, 
itaconate, phenylacetate, r-alanine, r-histidine, or r-serine. 
Acid production from carbohydrates is undetectable in 
Leifson's oxidation/fermentation medium (Leifson, 1963). 


Gelatin, Tween 80, and L-tyrosine are hydrolyzed, but not agar, 
chitin, carboxymethylcellulose, dextran, xylan, xanthine, uric 
acid, casein, elastin, starch, esculin, DNA, or urea. Produces 
alkaline phosphatase; produces Nacetyl-B-glucosaminidase 
weakly. Negative for arginine dihydrolase, lysine decarboxy- 
lase, ornithine decarboxylase, and glutamate decarboxylase. 
H,S is not produced from L-cysteine. Indole is not produced. 
No growth occurs in the Simmons' citrate test. Lipase (olive 
oil substrate) and lecithinase (egg yolk reaction) activities 
are not observed. Nitrate is not reduced. Negative for o-ara- 
binosidase, o-galactosidase, f-galactosidase, 6-phospho-p- 
galactosidase, a-glucosidase, B-glucosidase, p-glucuronidase, 
and a-fucosidase. Positive for arginine arylamidase, leucyl 
glycine arylamidase, phenylalanine arylamidase, leucine 
arylamidase, tyrosine arylamidase, glycine arylamidase, his- 
tidine arylamidase, serine arylamidase, alanine arylamidase, 
and gutamyl glutamate arylamidase. Negative for proline 
arylamidase and pyroglutamate arylamidase. Does not toler- 
ate 1% (w/v) ox bile salts. 

Source: isolated directly from the calanoid copepod species 
Paralabidocera antarctica dwelling in Ace Lake in the Vestfold 
Hills, an ice-free region of East Antarctica. 

DNA G+C content (mol P): 37 (T). 

Type strain: DJ3, ACAM 1055, CIP 108538. 

Sequence accession no. (16S rRNA gene): AY649001. 

Additional remarks: the GenBank accession number (16S 
rRNA gene sequence) for Lacinutrix copepodicola KMM 3838 
is AB261015. 


Genus XXX. Leeuwenhoekiella Nedashkovskaya, Vancanneyt, Dawyndt, Engelbeen, Vandemeulebroecke, 
Cleenwerck, Hoste, Mergaert, Tan, Frolova, Mikhailov and Swings 2005i, 1035"? 


Otaa l. NEpAsHKOVSKAYA, MARC VANCANNEYT AND VALERY V. MIKHAILOV 


Leeu.wen.hoe.ki.el’la. N.L. fem. dim. n. Leeuwenhoekiella named in honor of the famous Dutchman Antonie 
van Leeuwenhoek (1632—1723), discoverer of micro-organisms. 


Thin rods usually measuring 0.4-0.7 x 1.5-4.0 pm. Motile by 
gliding. Produce non-diffusible yellow pigments. No flexiru- 
bin-type pigments are formed. Chemo-organotrophs. Strictly 
aerobic. Positive for oxidase, catalase, alkaline phosphatase, 
and f-galactosidase. Halotolerant. Agar, DNA, urea, cellulose 
(CM-cellulose and filter paper), and chitin are not attacked. 
Casein, gelatin, starch, and Tweens 20, 40, and 80 are hydro- 
lyzed. Nitrate is not reduced. H,S, indole, and acetoin are not 
produced. Marine, from coastal habitats. Can grow without sea- 
water or Na*. The major respiratory quinone is MK-6. 

DNA G+C content (mol96): 85-43 (T). 

Type species: Leeuwenhoekiella marinoflava (Reichenbach 
1989c) Nedashkovskaya, Vancanneyt, Dawyndt, Engelbeen, 
Vandemeulebroecke, Cleenwerck, Hoste, Mergaert, Tan, Frol- 
ova, Mikhailov and Swings 2005i, 1035V*. 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences 
revealed that the genus Leeuwenhoekiella forms a distinct lineage 
within the family Flavobacteriaceae with sequence similarity levels 
below 92.2% with members of the following genera: Vitellibacter, 


Aequorivita, Arenibacter, Muricauda, | Zobellia, and Maribacter 
(Figure 44). 

Dominant cellular fatty acids are straight-chain unsaturated 
and branched-chain unsaturated fatty acids C,., iso, C}; iso, 
C,,, iso @9c, C,,, iso 3-OH, and summed feature 3 (C,., iso 
2-OH and/or C,., 09070). 

Phenotypic properties of the type strains are given in 
Table 54. On marine agar 2216 (Difco), colonies are regular, 
round, usually shiny, and yellow, with a diameter of 2-4 mm 
after 48 h at 28°C. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1—0.296 yeast extract (Difco), prepared with 
natural or artificial seawater or supplemented with 2-3% NaCl. 
Growth is observed at 4—41^C (optimum, 23-30°C). Growth 
occurs in 0-17% NaCl; optimum growth varies from 0 to 5% 
NaCl. Utilizes L-arabinose, D-glucose, p-lactose, D-mannose, and 
sucrose. Inositol, sorbitol, malonate, and citrate are not utilized. 

Strains are susceptible to  carbenicilin, lincomycin, 
doxycycline, erythromycin, and chloramphenicol. They are 
resistant to ampicilin, gentamicin, kanamycin, neomycin, 
oleandomycin, polymyxin B, and streptomycin. 
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Mesonia algae 


Leeuwenhoekiella marinoflava 
Leeuwenhoekiella aequorea 
Aequorivita antarctica 
Bizionia paragorgiae 
Salegentibacter salegens 


Donghaeana dokdonensis 
Krokinobacter genikus 


Bacteroides fragilis 
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ATCC 19326! AF203475 
LMG 22550! AJ278780 
swag! AY027802 
KMM 6029" AY651070 
DSM 5424! M92279 
KMM 3909" AF536383 
DSWw-6T DQ017065 
Cos-13T AB198086 
ATCC 25285! X83935 


FIGURE 44. Phylogenetic tree based on the 16S rRNA gene sequences of Leeuwenhoekiella marinoflava ATCC 19326" 
and Leeuwenhoekiella aequorea LMG 22550" and representative members of related genera in the family Flavobacteri- 
aceae. The tree was generated by the neighborjoining method (Saitou and Nei, 1987). The numbers at nodes indi- 
cate bootstrap values (96). Bar = 0.05 substitutions per nucleotide position. 


TABLE 54. Phenotypic properties of the type strains of Leeuwenhoekiella species *^ 


E = = ES 
E Š x° a 
£ on SN ra 
MA E s B e 
d: eS 5g 
Characteristic Sa 4d dz 
Salinity range for growth (46) 0-15 0-15 0-17 
Optimum salinity (96) 1-3 0-5 2-4 
Temperature range for growth (°C) 4—37 4-37 10-41 
Optimum temperature (°C) 21-23 23-25 28-30 
Acid production from: 
L-Arabinose, cellobiose, L-fucose, D-lactose, maltose, - - - 
melibiose, raffinose, L-rhamnose, L-sorbose 
D-Glucose, pr-xylose x = + 
D-Galactose + + _ 
Sucrose _ + _ 
N-Acetylglucosamine = = = 
Glycerol + + + 
Mannitol - + - 
Adonitol, dulcitol, inositol, sorbitol - - - 
Utilization of mannitol - t - 
Susceptibility to: 
Benzylpenicillin + M = 
Tetracycline = + + 


“Symbols: +, positive; —, negative; v, variable. 


"Data are from Nedashkovskaya et al. (2005i) and Pinhassi et al. (2006). 


Leeuwenhoekiella species inhabit the coastal marine environ- 
ment. They have been isolated from seawater and echinoderms 
in the temperate and Antarctic latitudes. 


Enrichment and isolation procedures 


Leeuwenhoekiella species were isolated from seawater and the sea 
urchin Strongylocentrotus intermedius by direct platting on marine 
agar. Leeuwenhoekiella blandensis MED 217" was isolated from a 
surface seawater sample enriched with Na,HPO,. For strain iso- 
lation, 0.1 ml of a 100x dilution of a water sample was spread 
onto Zobell agar plates prepared with natural seawater. Either 
natural or artificial seawater is suitable for cultivation. All iso- 
lated strains can grow on media containing 0.5% peptone and 
0.1-0.2% yeast extract (Difco). The strains remain viable on 
marine agar or other rich media based on natural or artificial 
seawater from 3 d to several weeks. They can survive storage at 
-80°C for at least 5 years. 


Differentiation of the genus Leeuwenhoekiella 
from other genera 


An ability to grow in 15% NaCl differentiates Leeuwenhoekiella 
species from all their closest relatives. Leewwenhoekiella species 
may be distinguished from members of the genus Arenibacter by 
their caseinase and amylase activities. A lack of flexirubin-type 
pigments, failure to hydrolyze agar, lack of a requirement for 
Na* ions or seawater for growth, and failure to reduce nitrates 
to nitrites clearly separate Leeuwenhoekiella strains from repre- 
sentatives of the genus Zobellia. Phenotypic features such as pro- 
duction of caseinase, gelatinase, and amylase, and the ability to 
grow without Na* ions or seawater may be helpful in differenti- 
ating Leeuwenhoekiella from Muricauda species. Leeuwenhoekiella 
species move by gliding and form acid from carbohydrates and 
decompose starch, in contrast to members of the genera Vitel- 
libacter and Aequorivita. Leeuwenhoekiella strains can be separated 
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from those of the genus Maribacter by growth without Na: ions 
or seawater, growth at 37°C, and by hydrolysis of casein. 


Taxonomic comments 


16S rRNA gene sequence similarity between Leeuwenhoekiella 
aequorea LMG 22550" and Leeuwenhoekiella marinoflava ATCC 
19326" was 97.1%. DNA-DNA binding values between Leeu- 
wenhoekiella aequorea LMG 22550" and Leewwenhoekiella marino- 
flava LMG 1345" ranged from 9 to 14%. Sequence similarities 
between the two copies of the 16S rRNA gene of strain Leeuwen- 
hoekiella blandensis MED 217! and sequences of Leeuwenhoekiella 
aequorea LMG 22550" and Leeuwenhoekiella marinoflava ATCC 


FAMILY I. FLAVOBACTERIACEAE 


19326" were 96.1-96.7 and 95.7-96.7%, respectively. DNA- 
DNA hybridization experiments carried out between strains 
MED 217" and ATCC 19326" show a level of DNA-DNA reas- 
sociation of 21%. These data indicate that strains LMG 225507 
and ATCC 19326" represent two separate species within the 
genus Leeuwenhoekiella (Wayne et al., 1987). The genome of 
strain Leeuwenhoekiella blandensis MED 217" was sequenced 
and its size was equal to 4.24 Mbp. This value is consistent 
with that reported for Leeuwenhoekiella marinoflava (Callies and 
Mannheim, 1980). The size of the genome of Leeuwwenhoekiella 
marinoflava ATCC 193267 was determined to be 2.26 x 10? Da 
or 4.20 Mbp. 


List of species of the genus Leeuwenhoekiella 


1. Leeuwenhoekiella marinoflava (Reichenbach 1989c) Nedash- 
kovskaya, Vancanneyt, Dawyndt, Engelbeen, Vandemeule- 
broecke, Cleenwerck, Hoste, Mergaert, Tan, Frolova, Mikhailov 
and Swings 2005i, 1035V" [Cytophaga marinoflava (ex Colwell, 
Citarella and Chen 1966) Reichenbach 1989c, 2036; Cytophaga 
marinoflava Colwell, Citarella and Chen 1966, 1102] 


ma.ri.no.fla'va. L. adj. marinus marine; L. adj. flavus golden 
yellow; N.L. fem. adj. marinoflava (sic) marine and yellow- 
pigmented. 


Rod-shaped cells, 0.5-0.6 x 1.6-2.3 pm. On marine agar 
2216, colonies are 2-4 mm in diameter, circular with entire 
edges, and bright yellow. No acid is formed from trehalose, 
citrate, acetate, fumarate, or malate. Susceptible to carbeni- 
cillin, doxycycline, erythromycin, and chloramphenicol. 
Resistant to ampicillin and streptomycin. 

Source: the single available strain was isolated from seawa- 
ter collected in the North Sea off Aberdeen, Scotland. 

DNA G+C content (mol % ): 88 (T, ). 

Type strain: ATCC 19326, DSM 3653, JCM 8517, LMG 1345, 
NBRC 14170, NCIMB 397. 

Sequence accession no. (16S rRNA gene): M58770. 


2. Leeuwenhoekiella aequorea Nedashkovskaya, Vancanneyt, 
Dawyndt, Engelbeen, Vandemeulebroecke, Cleenwerck, Hoste, 
Mergaert, Tan, Frolova, Mikhailov and Swings 20051, 1036" 
ae.quo.re'a. L. fem. adj. aequorea of the sea, marine. 

Rod-shaped cells, 0.5-0.6 x 1.6-2.3 um. On marine agar 
2216, colonies are 2-4 mm in diameter, circular with entire 
edges, and bright yellow. No acid is formed from acetate, 
citrate, fumarate, or malate. 


Source: the type strain and several other strains were 
isolated from Antarctic seawater. Strain LMG 22555 was iso- 
lated from the sea urchin Strongylocentrotus intermedius in the 
Troitsa Bay, Sea of Japan. 

DNA G«C content (mol % ): 35-36 (T). 

Type strain: LMG 22550, CCUG 50091. 

Sequence accession no. (16S rRNA gene): AJ278780. 


3. Leeuwenhoekiella blandensis Pinhassi, Bowman, Nedash- 
kovskaya, Lekunberri, Gomez-Consarnau and Pedrós-Alió 
2006, 1492V* 


bla.den'sis. L. fem. adj. blandensis pertaining to Blande or 
Blanda, the name the Romans used for the city of Blanes, 
which has given its name to the Bay of Blanes, where the type 
strain was isolated. 


Rod-shaped cells 0.4-0.7 x 1.5-4.0 um; short chains were 
also observed. On marine agar 2216, colonies are 2-3 mm 
in diameter, round with entire edges, shiny, and bright yel- 
low. Forms acid from D-glucose and DL-xylose. No acid is pro- 
duced from D-galactose, sucrose, or mannitol. 

Source: the type strain was isolated from a surface sea water 
sample enriched with inorganic phosphate, from the Bay of 
Blanes in the northwestern Mediterranean Sea on the coast 
of Spain. 

DNA G+C content (mol % ): 42.5 (T). 

Type strain: MED 217, CECT 7118, CCUG 51940. 

Sequence accession nos (16S rRNA gene): DQ294290 and 
DQ294291 (two copies). 

GenBank accession number (genome 


00000000. 


sequence): AANC 


Genus XXXI. Lutibacter Choi and Cho 2006, 773"* 


THE EpitoriAL BoARD 


Lu.ti.bac’ter. L. n. lutum mud; N.L. masc. n. bacter rod; N.L. masc. n. Lutibacter rod from mud. 


Rod-shaped cells. Nonmotile. Gram-stain-negative. Het- 
erotrophic. Aerobic. Catalase-positive. Oxidase-negative. The 
predominant menaquinone is MK-6. Dominant fatty acids are 
Ciso iso 9-OH, C,., iso, C,., anteiso, and C pọ iso 3-OH. Cells 
contain carotenoids, but no flexirubin-type pigments. The 
genus is a member of the family Flavobacteriaceae. 


DNA G+C content (mol96): 33.9 (HPLC). 


Type species: Lutibacter litoralis Choi and Cho 2006, 775W. 


Enrichment and isolation procedures 


A slurry of tidal flat sediment was spread on a plate of marine 
agar 2216 (Difco) and incubated at 30*C for 1 week. A colony 
was selected and subsequently purified four times on marine 
agar. 


GENUS XXXII. MARIBACTER 


Maintenance procedures 


The organism can be maintained on marine agar at 4°C. It can 
be preserved in marine broth containing 30% (v/v) glycerol 
at -80*C. 


Differentiation of the genus Lutibacter from other genera 


For characteristics that differentiate the genus Lutibacter from 
related genera, see Table 70 in the treatment on Tenacibaculum 
in this volume. In particular, Lutibacter can be differentiated 
from Polaribacter (Gosink et al., 1998) by its colony color (yellow 
vs salmon pink to orange), ability to grow at 25°C, and utilization 
of citrate, L-leucine, tartrate, pyruvate, and succinate. Lutibacter 
can be distinguished from Tenacibaculum (Suzuki et al., 2001) 
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by its hydrolysis of esculin, negative oxidase reaction, failure to 
grow at pH 6, and growth on pyruvate and succinate. Lutibacter 
can also be differentiated from Polaribacter and Tenacibaculum 
by its large proportion of C,., anteiso and by the proportions 
of several fatty acids, including C,,, iso 3-OH, G... iso œ and 
summed feature 3 (C,., @7c and/or C; iso 2-OH). 


16:1 
Taxonomic comments 


Phylogenetic analyses based on 16S rRNA gene sequences 
revealed that the type strain formed a very robust clade with 
Tenacibaculum and Polaribacter species. The closest relatives of the 
type strain were members of the genera Tenacibaculum (90.6— 
91.8%) and Polaribacter (91.0-91.5%) (Choi and Cho, 2006). 


List of species of the genus Lutibacter 


1. Lutibacter litoralis Choi and Cho 2006, 775V* 
li.to.ra'lis. L. masc. adj. litoralis of the shore. 


Characteristics are as described for the genus, with the 
following additional features. Cells are 0.3-0.8 x 1.0-5.7 pm. 
Spherical cells occur in old cultures. On marine agar 2216 
(Difco), colonies are circular, entire, convex, shining, 
opaque, and yellow. Absorption maxima of the pigments 
are 450 and 475 nm. Growth occurs at 5-30*C (optimum, 
25-30°C) and pH 7-8. Grows in sea salt concentrations of 
1-5% (w/v). Positive for catalase, amylase, gelatinase, and 
DNase. Negative for oxidase, nitrate reductase, and Tween 
80 hydrolysis. With the API 20NE system, esculin hydrolysis 
and gelatinase activities are positive, but nitrate reductase, 
indole production, and acid production from glucose, argin- 
ine dihydrolase and urease are negative. Grows on acetone, 


citrate, D-fructose, raffinose, p-salicin, p-sorbitol, glycine, 
glycogen, myo-inositol, L-arginine, L-lysine, L-ornithine, pyru- 
vic acid, succinate, tartrate, urea, Casamino acids, L-leucine, 
peptone, tryptone, and yeast extract. No growth occurs on 
acetate, acetamide, a-ketobutyric acid, benzoate, DL-cysteine, 
cellobiose, D-galactose, D-glucose, D-mannitol, D-mannose, 
D-ribose, trehalose, D-xylose, ethanol, formic acid, glycerol, 
inulin, 2-propanol, lactose, L-arabinose, L-ascorbate, L-aspar- 
agine, L-rhamnose, maleic acid, M-acetylglucosamine, poly- 
ethylene glycol, salicylate, sucrose, thiamine, DL-aspartate, 
L-proline, or L-glutamate. 

Source: the type strain was isolated from tidal flat sediment 
in Ganghwa, Korea. 

DNA G+C content (mol 96): 33.9 (HPLC). 

Type strain: CL-TF09, JCM 13034, KCCM 42118. 

Sequence accession no. (16S rRNA gene): AY962293. 


Genus XXXII. Maribacter Nedashkovskaya, Kim, Han, Lysenko, Rohde, Rhee, Frolova, Falsen, Mikhailov 
and Bae 2004b, 1021"? 


OLGA |. NEDASHKOVSKAYA AND SEUNG Bum KIM 


Ma.ri.bac'ter. L. neut. n. mare the sea; N.L. masc. n. bacter from Gr. n. baktron rod; N.L. masc. n. Maribacter 


rod inhabiting marine environments. 


Rod-shaped cells, 0.2-0.7 x 1.2-10 pm, with rounded ends. 
Motile by gliding. Produce non-diffusible yellow carotenoid 
pigments. No flexirubin pigments are produced. Chemo- 
organotrophs. Strictly aerobic. Positive for oxidase, catalase, 
and alkaline phosphatase. Arginine dihydrolase, and lysine and 
ornithine decarboxylases are not produced. Casein, urea, and 
chitin are not attacked. Tween 40 is hydrolyzed. Hydrolysis of 
agar, gelatin, starch, Tweens 20 and 80, and DNA varies among 
species. Indole, H,S, and acetoin are not produced. Marine, 
from coastal habitats. May require seawater or sodium ions for 
growth. The major respiratory quinone is MK-6. The main polar 
lipid is phosphatidylethanolamine. 

DNA G+C content (mol % ): 35-39 (T). 

Type species: Maribacter sedimenticola Nedashkovskaya, Kim, 
Han, Lysenko, Rohde, Rhee, Frolova, Falsen, Mikhailov and 
Bae 2004b, 1021W. 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences indi- 
cated that the genus Maribacter created a cluster with Zobellia 


species (Figure 45). The 16S rRNA gene sequence similarities 
of Maribacter and its nearest neighbor Zobellia uliginosa were 
92.9-94.3%, but their relationship did not have significant 
bootstrap support. Species of the genus Maribacter possess 16S 
rRNA gene sequence similarities to one another that range 
from 95.1 to 97.4%. Only the 16S rRNA gene sequence similar- 
ity value between strains Maribacter aquivivus KMM 3949" and 
Maribacter ulvicola KMM 3951" is higher than 97%. The DNA- 
DNA hybridization value between strains KMM 39497 and KMM 
39517 was 51%. 

The main cellular fatty acids are C,., 
iso 3-OH, and summed feature 3 comprising C, iso 2-OH and/ 
or C,., 07c. Further fatty acid data can be found in Table 55. 

On marine agar 2216 (Difco), maribacters form regular, 
round, shiny, yellow-orange colonies with entire or rhizoid 
edges, and are 1-4 mm in diameter after 48 h at 28°C. Some are 
sunken into the agar. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), prepared 
with natural or artificial seawater or supplemented with 2-3% 


180, Ciso 180, Ciso Cio 
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Maribacter sedimenticola KMM 3903" (AY271623) 


Maribacter dokdonensis DSW-8T (AY960749) 


Maribacter ulvicola KMM 39517 (AY271626) 


Maribacter orientalis KMM 39471 (AY271624) 


Maribacter aquivivus KMM 3949T (AY271625) 


Zobellia galactanivorans CIP 106680" (AF208293) 
0.01 


FIGURE 45. Phylogenetic tree based on the 16S rRNA gene sequences 
of the type strains of species of the genus Maribacter and the related 
species Zobellia galactanivorans. Bar = 0.01 substitutions per nucleotide 
position. 


NaCl. Growth occurs at 4—35*C (optimum, 21—24^C) and in 
1-796 NaCl (optimum, 1-3% NaCl). Growth does not occur in 
the absence of NaCl or in the presence of greater than 10% 
(w/v) NaCl. The optimal pH for growth is 7.0-8.0; growth 
occurs at pH 5.5, but not at pH 5.0. 

No acid is produced from citrate, adonitol, N-acetylglucos- 
mine, glycerol, inositol, sorbitol, or sorbose. Mannitol, inositol, 
sorbitol, malonate, and citrate are not utilized. 

Maribacter strains are susceptible to carbenicillin, lincomycin, 
and oleandomycin, but are resistant to benzylpenicillin, gen- 
tamicin, kanamycin, neomycin, polymyxin B, and streptomycin. 
Some species may be susceptible to novobiocin and tetracycline 
and resistant to cephalothin. 

Species of the genus Maribacter inhabit coastal marine envi- 
ronments. They have been isolated from seawater, sediments, 
and seaweeds collected in temperate latitudes. 
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TABLE 55. Whole-cell fatty acid profiles (76) of Maribacter species? 


E 

E = 3c 3 ae B 

ES 82 B su gu 

š = S0 S. $2 ° o 

sa vz 32 bz 3s 
Fatty acid s sū 34 sa x 
cm 07 ii 03 11 
Co 05 10 09 05 09 

La OD 1.0 0.9 

C,,, iso 205 123 197 106 13.6 
Cs anteiso 1.2 13 0.3 2.3 1.9 
C,,, iso 169 136 161 10.1 189 
Ciso 63 145 38 123 81 
C,,,, @6¢ L7 48 06 25 16 
C,,, iso 11 07 03 03 
(s 10 05 13-14 12 10 
C,,, ©7/C,,, iso 2-OH 58 129 86 114 122 
Cz; iso w5c 1.4 1.2 
Cz; iso @9c 2.3 2.2 2.0 4.0 2.2 
C,,, ec 05 17 02 18 05 
C,,, iso 3-OH 54 32 50 29 41 
C,,) OH 24 23 14 15 15 
C,,,, iso 3OH 17 95 LL 21 1⁄7 
Ciso OH 22 29 54 30 37 
C,,, iso 3-OH 204 116 286 188 145 
Cg iso 2.4 


“Data from Nedashkovskaya et al. (2004b) and Yoon et al. (2005b). 


Enrichment and isolation procedures 


The maribacters inhabit coastal marine environments and were 
isolated from seawater, sediments, and seaweeds by direct plat- 
ing on marine agar (Difco). Natural or artificial seawater is suf- 
ficient for their cultivation. All isolated strains have been grown 
on media containing 0.5% peptone and 0.1-0.2% yeast extract 
(Difco). Strains of Maribacter may remain viable on marine agar 
(Difco) or other rich media based on natural or artificial sea- 
water for several weeks. They have survived storage at -80^C for 
at least 5 years. 


Differentiation of the genus Maribacter from other genera 


Maribacter strains differ from those of its closest relative, the 
genus Zobellia, by their inability to produce flexirubin-type pig- 
ments and lack of caseinase activity (Barbeyron et al., 2001; 
Nedashkovskaya et al., 2004b, f; Yoon et al., 2005b). 


Differentiation of species of the genus Maribacter 

Species of the genus Maribacter have many common phenotypic 
traits; however, there are enough variable phenotypic proper- 
ties to differentiate them clearly (Table 56). 


List of species of the genus Maribacter 


l. Maribacter sedimenticola Nedashkovskaya, Kim, Han, 
Lysenko, Rohde, Rhee, Frolova, Falsen, Mikhailov and Bae 
2004b, 1021"* 

se.di.men.ti.co'la. L. masc. n. sedimentum sediment, L. suff. 
-cola (from L. n. incola) dweller; N.L. masc. n. sedimenticola 
sediment dweller. 


Cells are 0.5-0.7 x 2-10 pm (Figure 46). On marine agar, 
colonies are 2-4 mm in diameter, circular, shiny with entire 
edges, yellow, and slightly sunken into the agar. Growth 
occurs at 4—33°C (optimum, 22-24^C) and in 1-6% NaCl. 

Source: isolated from sediment in Troitsa Bay, Gulf of Peter 
the Great, Sea of Japan. 


TABLE 56. Differential characteristics of Maribacter species*” 
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Characteristic 


M. sedimenticola 


M. aquivivus 


M. dokdonensis 


M. orientalis 


M. ulvicola 


Nitrate reduction 
p-Galactosidase 
Growth in/at: 
6% NaCl 
32°C 
Hydrolysis of: 
Agar 
Gelatin 
Starch 
Alginate 
DNA 
Tween 20 
Tween 80 
Acid production from: 
Arabinose 
L-Fucose 
Galactose, melibiose, 
xylose 
Cellobiose, glucose, 
lactose, maltose, 
sucrose 
Raffinose, D-mannitol 
Rhamnose 
Utilization of: 
Arabinose 
Glucose, lactose, 
mannose, sucrose 
Susceptibility to: 
Ampicillin 
Tetracycline 


E 


+ + 


+ + + 


+ 


+ + 


+ 


+ + 


s 


a 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); —, 0-15% positive; nd, not determined. 


"Data from Nedashkoyskaya et al. (2004b) and Yoon et al. (2005b). 


FIGURE 46. Micrograph of Maribacter sedimenticola KMM 3903" show- 
ing rod-shaped cells. Bar = 1 pm. 


DNA G+C content (mol % ): 37.0 (T). 
Type strain: KMM 3903, KCTC 12966, CCUG 47098. 
Sequence accession no. (16S rRNA gene): AY271623. 


2. Maribacter aquivivus Nedashkovskaya, Kim, Han, Lysenko, 


Rohde, Rhee, Frolova, Falsen, Mikhailov and Bae 2004b, 1022” 


a.qui.vi'vus. L. fem. n. aqua water; L. adj. vivus alive; N.L. 
masc. adj. aquivivus living in water. 


Cells are 0.4-0.5 x 1.2-1.4 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, 
yellow, and sunken into the agar. Growth occurs at 4—30°C 
(optimum, 21-23*C) and in 1-796 NaCl. 

Source: isolated from seawater in Amursky Bay, Gulf of 
Peter the Great, Sea of Japan. 

DNA G+C content (mol96): 85.0 (T). 

Type strain: KMM 3949, KCTC 12968, CCUG 48009. 

Sequence accession no. (16S rRNA gene): AY271625. 


. Maribacter dokdonensis Yoon, Kang, Lee, Lee and Oh 


2005b, 2054 


dok.do.nen'sis. N.L. masc. adj. dokdonensis pertaining to 
Dokdo, the Korean island from where the strains were iso- 
lated. 

Cells are rods, 0.3-0.4 x 0.8-4.0 pm. Colonies are circular 
or rhizoid, glistening, slightly convex, yellow, and 1.0-2.0 mm 
in diameter after incubation for 3 d on marine agar at 30°C. 
Growth occurs at 4—35*C. Optimal pH for growth is 7.0-8.0; 
growth occurs at pH 5.5, but not at pH 5.0. Optimal growth 
occurs in the presence of 2-396 (w/v) NaCl; growth does not 
occur in the absence of NaCl or in the presence of greater 
than 10% (w/v) NaCl. Esculin, tyrosine, and Tween 60 are 
hydrolyzed, but hypoxanthine and xanthine are not. Anaer- 
obic growth does not occur on marine agar or on marine 
agar supplemented with nitrate. Tests for arginine dihydro- 
lase, lysine and ornithine decarboxylases, and tryptophan 
deaminase are negative. In assays with the API ZYM system, 
esterase (C4), esterase lipase (C8), leucine arylamidase, acid 
phosphatase, naphtholAS-BLI-phosphohydrolase, f-glucosi- 
dase, Nacetyl-B-glucosaminidase, cystine arylamidase, trypsin, 
a-chymotrypsin, a- and f-galactosidases, p-glucuronidase, 
a-glucosidase, o-mannosidase, and a-fucosidase are absent. 
D-Fructose and salicin are utilized, but acetate, succinate, ben- 
zoate, L-malate, pyruvate, formate, and r-glutamate are not 
utilized. Acid is produced from D-mannose, melezitose, and 
trehalose, but not from p-ribose. Acid production from p-fruc- 
tose differs among strains (positive for the type strain). Sus- 
ceptible to novobiocin (5 pg), but not to cephalothin (30 pg). 
The major polar lipids are phosphatidylethanolamine, two 
unidentified phospholipids, an unidentified glycolipid and an 
amino group-containing lipid that is ninhydrin-positive. 

Source: isolated from seawater off Dokdo, an island located 
at the edge of East Sea, Korea. 

DNA G+C content (mol 96): 35.9-36.1 (HPLC). 

Type strain: DSW-8, KCTC 12393, DSM 17201. 

Sequence accession no. (16S rRNA gene): AY960749. 


. Maribacter orientalis Nedashkovskaya, Kim, Han, Lysenko, 


Rohde, Rhee, Frolova, Falsen, Mikhailov and Bae 2004b, 
1022% 

o.ri.en.ta'lis. L. masc. adj. orientalis eastern, bacterium inhab- 
iting the East. 
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Cells are 0.5-0.7 x 2-10 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, 
and yellow-orange. Growth occurs at 4—32?C (optimum, 
21-23°C) and in 1-5% NaCl. 

Source: isolated from seawater in Amursky Bay, Gulf of 
Peter the Great, Sea of Japan. 

DNA G+C content (mol % ): 39.0 (T). 


Type strain: KMM 3947, KCTC 12967, CCUG 48008. 
Sequence accession no. (16S rRNA gene): AY271624. 


5. Maribacter ulvicola Nedashkovskaya, Kim, Han, Lysenko, 
Rohde, Rhee, Frolova, Falsen, Mikhailov and Bae 2004b, 1029V* 


ul.vi.cola. N.L. fem. n. Ulva generic name of the green 
alga Ulva fenestrata; L. suff. -cola (from L. n. incola) dweller; 
N.L. n. ulvicola Ulva fenestrata dweller. 


Cells are flexible rods, 0.25-0.30 x 4—6 pm (Figure 47). 
On marine agar, colonies are 2-4 mm in diameter, circular, 
shiny with entire edges, yellow, and slightly sunken into the 
agar. Growth occurs at 4—32°C (optimum, 21—23^C) and in 
1-4% NaCl. Agar is weakly hydrolyzed. 

Source: isolated from the green alga Ulva fenestrata, col- 
lected in Troitsa Bay, Gulf of Peter the Great, Sea of Japan. 

DNA G«C content (mol % ): 35-37 (T). 

Type strain: KMM 3951, KCTC 12969, DSM 15366. 

Sequence accession no. (16S rRNA gene): AY271626. 
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FIGURE 47. Micrograph of Maribacter ulvicola KMM 3951* showing 
rod-shaped cells. Bar = 1 pm. 


Genus XXXIII. Mariniflexile Nedashkovskaya, Kim, Kwak, Mikhailov and Bae 2006a, 1636"* 


THE EpiroRIAL BoARD 


Ma.ri.ni.fle'xi.le. L. adj. marinus -a -um marine; L. part. adj. flexilis -e pliant, pliable, flexible; N.L. neut. n. 


Mariniflexile a flexible marine bacterium. 


Rods, 0.4-0.5 x 2-3 pm. Motile by gliding. Nonsporeform- 
ing. Gram-stain-negative. Colonies are orange. Chemo-organ- 
otrophic. Do not require Na* ions for growth, but grow best 
with 1-2% NaCl. Oxidase- and catalase-positive. Alkaline phos- 
phatase-positive. D-Glucose is fermented in the O-F test. Agar 
and starch are not hydrolyzed. The predominant cellular fatty 
acids are straight-chain saturated, branched-chain saturated 


and unsaturated fatty acids, C; iso, C,., anteiso, C,., iso, Czo 
C; iso 3-OH, and summed feature 3 (comprising C,,, 07 and/ 
or Ci; iso 2-OH). The main menaquinone is MK-6. Isolated 


from the sea urchin Strongylocentrotus intermedius. 

DNA G+C content (mol % ): 35.7 (T). 

Type species: Mariniflexile gromovii Nedashkovskaya, Kim, 
Kwak, Mikhailov and Bae 2006a, 16365. 


Further descriptive information 


Mariniflexile gromovii was isolated from the sea urchin Strongylo- 
centrotus intermedius in Troitsa Bay, Gulf of Peter the Great, East 
Sea (Sea of Japan). 

Colonies of Mariniflexile gromovii are circular, 2-3 mm in diam- 
eter, convex, shiny, orange, and translucent on marine agar 
2216 (Difco). Growth occurs at 4-37°C; optimum, 23-25*C. 
The salinity range for growth is 0-6% NaCl. 

Mariniflexile gromoviiis susceptible to ampicillin, carbenicillin, 
lincomycin, and tetracycline. It is resistant to benzylpenicillin, 
gentamicin, kanamycin, neomycin, oleandomycin, polymyxin 
B, and streptomycin. 


Enrichment and isolation procedures 


Portions (0.1 ml) of homogenates of sea urchin tissues were 
inoculated onto plates of marine agar. After primary isolation 
and purification, strains were cultivated at 28°C on marine agar. 
The organism can be preserved at -80°C in marine broth con- 
taining 20% (v/v) glycerol. 


Differentiation of the genus Mariniflexile 
from related genera 


Mariniflexile gromovii differs from Yeosuana aromativorans by: its 
ability to form acid from L-fucose and DL-xylose; its ability to fer- 
ment glucose in the O-F test; positive oxidase reaction; gliding 
motility; a lower G+C content (35-36 mol% vs 51-52 mol%); 
its ability to grow in the absence of Ca”, Mg*, and NaCl; and 
its broader temperature range for growth (4—37°C vs 23-39*C). 
Mariniflexile gromovii can be differentiated from Algibacter lectus 
by: its ability to grow in the absence of NaCl; its inability to hydro- 
lyze agar and starch; and a higher G+C content (35-36 mol% 
vs 31-33 mol%). 


Taxonomic comments 


On the basis of 16S rRNA gene sequence analysis, the nearest 
neighbors of Mariniflexile gromovii are the species Algibacter lectus 
and Yeosuana aromativorans, with sequence similarities of 93.8 
and 93.6%, respectively. The rRNA gene sequence of Marini- 
flexile gromovii has less than 93.1% similarity to those of other 
members of the Flavobacteriaceae. 
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List of species of the genus Mariniflexile 


l. Mariniflexile gromovii Nedashkovskaya, 
Mikhailov and Bae 2006a, 1636"* 


gro.mo’vi.i. N.L. gen. masc. n. gromovii of Gromov, named 
in honor of B.V. Gromov, the Russian aquatic and marine 
microbiologist. 


Kim, Kwak, 


Characteristics are as described for the genus, with the 
following additional features. Decomposes gelatin. The fol- 
lowing compounds are not hydrolyzed: casein, Tweens 20, 
40 and 80, urea, cellulose (carboxymethylcellulose and filter 
paper), chitin, and DNA. Acid is produced from L-fucose and 
DL-xylose, but not from L-arabinose, cellobiose, D-galactose, 
D-glucose, glycerol, inositol, D-lactose, maltose, mannitol, 
melibiose, raffinose, or sucrose. L-Rhamnose and Macetyl- 
glucosamine are oxidized. p-Lactose, D-mannose, and sucrose 
are utilized, but not L-arabinose, adonitol, citrate, dulcitol, 


inositol, malonate, mannitol, or sorbitol. Nitrate is not 
reduced. Indole, H,S, and acetoin (Voges—Proskauer reac- 
tion) production are negative. Cellular fatty acids account- 
ing for more than 1.0% of the total are C,,, iso (16.9%), 
C; anteiso (1.6%), C,., iso (15.0%), C,., anteiso (5.4%), 

6c (3.1%), Ci; iso 3-OH (4.3%), C... 


Ciso (13.8%), Cisa 
iso 2-OH (1.4%), C,,, 3-OH (1.6%), C,,, iso (1.5%), Ciso 


iso (1.0%), Ciso (1.4%), Ciso iso 3-OH (2.5%), Ciso 3-OH 
(1.1%), C,,, @6c (1.1%), C,,, 3OH (8.9%), and summed 
feature 3 (8.4%; comprising C,,, 97 and/or C; iso 2-OH). 


Source: isolated from the sea urchin Strongylocentrotus inter- 
medius in Troitsa Bay, Gulf of Peter the Great, East Sea (Sea 
of Japan). 

DNA G+C content (mol % ): 35.7 (T, ). 


Type strain: KMM 6038, KCTC 12570, LMG 22578. 
Sequence accession no. (16S rRNA gene): DQ312294. 


Genus XXXIV. Mesonia Nedashkovskaya, Kim, Han, Lysenko, Rohde, Zhukova, Falsen, Frolova, Mikhailov 
and Bae 2003a, 1970"? emend. Nedashkovskaya, Kim, Zhukova, Kwak, Mikhailov and Bae 2006e, 2435 


OLGA |. NEDASHKOVSKAYA AND SEUNG Bum Kim 


Me.so’ni.a. N.L. fem. n. Mesonia arbitrary name, derived from the abbreviation MES (Marine Experimental 
Station of Pacific Institute of Bioorganic Chemistry, FEB RAS) near the site where the bacteria were 


isolated. 


Thin rods usually measuring 0.4—0.5 x 1.0-2.3 nm. Cells may be 
motile by means of gliding. Produce non-diffusible yellow pig- 
ments. No flexirubin pigments are formed. Chemo-organotro- 
phs. Strictly aerobic. Positive for oxidase, catalase, and alkaline 
phosphatase and negative for f-galactosidase. Agar, alginate, 
starch, chitin, and cellulose (carboxymethylcellulose and filter 
paper) are not hydrolyzed, but gelatin and Tween 20 are hydro- 
lyzed. Do not grow without seawater or Na*. The major respira- 
tory quinone is MK-6. Phosphatidylethanolamine is the main 
polar lipid. Marine, isolated from coastal seaweeds. 

DNA G+C content (mol96): 32-37. 

Type species: Mesonia algae Nedashkovskaya, Kim, Han, 
Lysenko, Rohde, Zhukova, Falsen, Frolova, Mikhailov and Bae 
2003a, 19707, 


Further descriptive information 


Phylogenetic analysis of nearly complete 16S rRNA gene 
sequences indicate that Mesonia forms a cluster group with the 
genera Salegentibacterand Gramella, with similarities of 92.0-92.5% 
and 92.1-92.2%, respectively (see the phylogenetic tree in the 
treatment of the family /'lavobacteriaceae in this volume). 

Dominant fatty acids of the genus Mesonia are straight-chain 
unsaturated and branched-chain unsaturated fatty acids. The 
fatty acid profile includes C. iso, C,. iso, C. ,, C,,, iso, C. iso 
3-OH, C., iso 99c, C,., iso 3-OH, and summed feature 3 (C 
7 and/or C,., iso 2-OH). 

On marine agar 2216 (Difco), Mesonia strains form regular, 
round, convex, smooth, and opaque colonies with entire edges 
and diameters of 1-4 mm after 48 h at 28°C. Usually, the colo- 
nies are yellow, but strains that form white colored colonies also 
occur. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), prepared 


16:1 


with natural or artificial seawater or supplemented with 2-3% 
NaCl. Good growth is observed on marine agar 2216. Growth 
occurs at 4-39*C (optimum, 21-30*C) and with 1-15% NaCl. 

Mesonia strains are susceptible to lincomycin and resistant to 
gentamicin, kanamycin, neomycin, polymyxin B, and strepto- 
mycin. Susceptibility to ampicillin, benzylpenicillin, carbenicil- 
lin, oleandomycin, and tetracycline differs among strains. 

Strains of the genus Mesonia have been isolated from the 
green alga Acrosiphonia sonderi, a common dweller of coastal 
marine environment, and from seawater samples in the tem- 
perate latitudes. 


Enrichment and isolation procedures 


Mesonia strains were isolated from seaweed and seawater sam- 
ples by direct plating on marine agar. Natural or artificial sea- 
water is suitable for their cultivation. All isolated strains have 
been grown on media containing 0.5% peptone and 0.1-0.2% 
yeast extract (Difco). Strains of the genus may remain viable 
for several weeks on marine agar or other rich medium based 
on natural or artificial seawater. They have survived storage at 
-80°C for at least 5 years. 


Differentiation of the genus Mesonia from other genera 


The results of phenotypic examination indicate that strains of 
the genus Mesonia can be differentiated from those of its clos- 
est relative, Gramella, by their inability to hydrolyze starch and 
their lower DNA G+C content. The absence of nitrate reductase 
allows Mesonia strains to be differentiated from those of Sale- 
gentibacter. 


Differentiation of species of the genus Mesonia 


Table 57 lists characteristics that differentiate the two species 
of Mesonia. 


240 FAMILY |. FLAVOBACTERIACEAE 


TABLE 57. Phenotypic characteristics of Mesonia species* 


i 
2 2 
3S Š 
š z * 
Characteristic = Z = 
Gliding motility + = 
Growth at 39°C + = 
H,S production _ + 
Hydrolysis of casein and Tween 40 + 
Acid production from p-glucose and maltose + = 
Utilization of L-arabinose, D-glucose and D-mannose + = 
Susceptibility to: 
Benzylpenicillin + = 
Carbenicillin and oleandomycin _ + 
DNA G+C content (mol%) 36.1 32-34 


Data are from Nedashkovskaya et al. (2003a) (for four strains of Mesonia algae) and Nedashkovskaya et al. 


(2006e). 


List of species of the genus Mesonia 


1. Mesonia algae Nedashkovskaya, Kim, Han, Lysenko, 
Rohde, Zhukova, Falsen, Frolova, Mikhailov and Bae 
2003a, 1970"* 


al'gae. L. n. alga alga, seaweed; L. gen. n. algae of alga. 


Cells are 0.4—0.5 x 1.6-2.3 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, 
and yellow, although white strains occur. Growth occurs at 
4-34°C (optimum, 21-23*C) and with 1-15% NaCl. Gelatin, 
casein, and Tweens 20, 40 and 80 are hydrolyzed, but not 
agar, alginate, starch, cellulose (carboxymethylcellulose and 
filter paper), or chitin. No acid is formed from L-arabinose, 
cellobiose, L-fucose, D-galactose, D-glucose, D-lactose, maltose, 
D-mannose, melibiose, raffinose, L-rhamnose, sucrose, DL- 
xylose, citrate, adonitol, dulcitol, glycerol, inositol, or man- 
nitol. Does not utilize L-arabinose, D-glucose, D-lactose, 
D-mannose, sucrose, mannitol, inositol, sorbitol, N-acetylg- 
lucosamine, gluconate, caprate, adipate, malate, malonate, 
phenylacetate, or citrate. Nitrate is not reduced. H,S is pro- 
duced, but indole and acetoin (Voges—Proskauer reaction) 
production are negative. 

Source: isolated from the green alga Acrosiphonia sonderi 
collected in Troitsa Bay, Gulf of Peter the Great, Sea of 
Japan. 

DNA G+C content (mol % ): 32.7-34.0 (T). 

Type strain: KMM 3909, KCTC 12089, CCUG 47092. 

Sequence accession no. (16S rRNA gene): AF536383. 


2. Mesonia mobilis Nedashkovskaya, Kim, Zhukova, Kwak, 
Mikhailov and Bae 2006e, 2435? 


mo’bi.lis. L. fem. adj. mobilis movable, mobile, referring to 
the ability to move by gliding. 


Cells are 0.4-0.5 x 1.0-2.1 pm. On marine agar, colonies 
are 1-3 mm in diameter, circular, convex, and shiny with 
entire edges. Produces non-diffusible yellow pigments. Flex- 
irubin-type pigments are absent. Growth occurs at 4-39*C 
(optimum, 28-30°C), with 1-12% NaCl (optimum, 3-496 
NaCl) and at pH 6.0-9.5 (optimum, pH 7.5). Gelatin and 
Tween 20 are hydrolyzed, but not agar, alginate, casein, 
starch, Tweens 40 and 80, DNA, urea, cellulose (carboxym- 
ethylcellulose and filter paper), or chitin. Forms acid from 
D-glucose and maltose, but not from L-arabinose, cellobiose, 
L-fucose, D-galactose, p-lactose, melibiose, raffinose, L-rham- 
nose, sucrose, DL-xylose, citrate, adonitol, dulcitol, glycerol, 
inositol, mannitol, malate, or fumarate. r-Arabinose and 
D-mannose are utilized, but p-lactose, sucrose, mannitol, 
inositol, and sorbitol are not. Nitrate is not reduced. H,S, 
indole, and acetoin (Voges-Proskauer reaction) production 
are negative. Susceptible to ampicillin and benzylpenicillin; 
resistant to carbenicillin, oleandomycin, and tetracycline. 

Source: isolated from seawater collected in Troitsa Bay, 
Gulf of Peter the Great, Sea of Japan. 

DNA G+C content (mol% ): 36.1 (T). 

Type strain: KMM 6059, KCTC 12708, LMG 23670. 

Sequence accession no. (16S rRNA gene): DQ367409. 


Genus XXXV. Muricauda Bruns, Rohde and Berthe-Corti 2001, 2005"? emend. Yoon, Lee, Oh and Park 2005d, 1018 


ALKE Bruns AND Luise BERrTHE-CORTI 


Mu'ri.cau.da. L. masc. n. mus mouse (gen. muris of the mouse); N.L. fem. n. cauda tail; N.L. fem. n. 
Muricauda tail of the mouse, referring to electron micrographs in which the bacterial appendages appeared 


like mouse tails. 


Rod-shaped cells. Size varies between 0.2-0.6 x 1.1-6.0 pm 
depending on the species. Cells of older cultures (3-4 d) of 
Muricauda ruestringensis and Muricauda aquimarina are charac- 
terized by long (up to 3 pm) and relatively thick appendages 
(Muricauda | ruestringensis: 20-30 nm). Gram-stain-negative. 


Nonmotile in hanging drop preparations. Facultatively anaero- 
bic or strictly aerobic. Chemo-organotrophic, with both an oxi- 
dative and a fermentative type of metabolism. Endospores are 
not formed. Colonies are circular, slightly convex, 0.5-1.2 mm 
in diameter and yellow in color (Muricauda ruestringensis) or 


GENUS XXXV. MURICAUDA 


golden yellow (Muricauda aquimarina and Muricauda flavescens) 
after 3 d. No flexirubin-type pigment is produced. Catalase- 
positive. Oxidase-positive. Nitrate is not reduced. H,S is not 
produced. Optimal growth occurs at 20-37°C, at pH 6.5-7.5, 
and in the presence of 2% NaCl (Muricauda ruestringensis) to 
3% NaCl (Muricauda aquimarina and Muricauda flavescens). No 
hydrolysis of high-molecular-mass carbohydrates such as starch, 
agar, or crystalline cellulose occurs. The fatty acid profile is 
characterized by high amounts of branched fatty acids. The 
genus is closely related to other Flavobacteriaceae, which have 
been isolated from marine and marine-derived habitats. 

DNA G+C content (mol % ): 41-45. 

Type species: Muricauda ruestringensis Bruns, Rohde and 
Berthe-Corti 2001, 20055". 


Further descriptive information 


Phylogeny. Several members of the Flavobacteriaceae have been 
isolated from marine or marine-derived habitats. A compari- 
son of 16S rRNA gene sequence data of all genera that have 
been isolated mainly from these habitats clearly indicates that 
the genus Muricauda is closely related to the genera Arenibacter, 
Maribacter, Pibocella, Robiginitalea, and Zobellia (Figure 48). The 
genus Muricauda comprises three species with validly published 
names: Muricauda ruestringensis, which is represented by only 
one type strain, strain Bl’ (Bruns et aL, 2001); Muricauda 
aquimarina, represented by two strains (SW-63" and SW-72); and 
Muricauda flavescens, represented by strains SW-62' and SW-74 
(Yoon et al., 2005d). 


Morphology. When grown on marine agar, all species pro- 
duce yellow to golden yellow colonies of 0.5-1.5 mm in diameter 
after 3 d. Colonies are circular, convex in shape with a glistening 
surface. Young cells from suspension cultures are rod-shaped 
with rounded edges. However, with increasing age of the cultures 
the populations differentiate into larger coccus-shaped cells and 
into rod-shaped cells. Muricauda ruestringensis and Muricauda 
aquimarina have been described as exhibiting appendages when 
grown in liquid cultures. Muricauda flavescens has not yet been 
described as exhibiting appendages; however, the formation of 
vesicles has been observed clearly by electron microscopy. The 
production of appendages and vesicles is a distinctive character- 
istic of the genus Muricauda, although some other species within 
the Cytophaga—Flavobacteria—Bacteroides group are known to have 
cell structures that look very much like appendages, i.e., Fla- 
vobacterium aquatile strain ATCC 11947! (Thomson et al., 1981), 
Flexibacterstrain BH3, Cytophaga johnsonae, Polaribacter irgensti, and 
Winogradskyella thalassocola. The appendages of Flexibacter consist 
of extruded material derived from the lipopolysaccharide mem- 
brane and are probably related to the gliding motility of this 
species (Humphrey et al., 1979). The nature of the appendages 
of Flavobacterium aquatile has not yet been characterized. Gosink 
et al. (1998) showed that the appendages of Polaribacter irgensii 
strain 23-P" are true flagella, although motility in this genus has 
never been observed. The recently isolated Winogradskyella thala- 
ssocola has been described to form network-like structures whose 
composition and function is also not known (Nedashkovskaya 
et al., 2005a). 


Fine structure. Ultrathin sections of Muricauda ruestringensis 
show the typical ultrastructure of a Gram-stain-negative 
bacterium, with the exception that there are holes in the outer 
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membrane of older cultures (Figure 49). In addition, older 
cultures (3-4 d) are characterized by long and relatively thick 
appendages, which can be observed by light microscopy at 
1,000x when stained with Nile Red. This staining indicates that 
they are lipid-containing structures (Müller et al., 2001). Bruns 
et al. (2001) have characterized the appendages of the type 
strain Muricauda ruestringensis strain B1". They are 20-30 pm 
long and often located in a polar position. The appendages 
exhibit a maturation process that begins with the formation 
of a vesicle at the cell surface (Figure 49), after which a stalk 
develops between vesicle and cell surface (Figure 49). The 
vesicle-like structures at the end of the stalks exhibit fibrillar- 
like structures on their surface (Figure 49). Ultrathin sections 
have revealed that the appendages are formed as a contin- 
uum of the outer membrane and are covered by a membrane 
(Figure 49). Because older cultures of Muricauda ruestringensis 
often form flocks, Bruns et al. (2001) suggested that the append- 
ages might enable the cells to connect to each other. 


Life cycle. Muller et al. (2001) suggest that Muricauda rues- 
tringensis exhibits a complex life cycle in which the append- 
ages of the cells are involved as a DNA-containing structure. 
By dual staining with DAPI and Nile Red, the authors showed 
that DNA was transferred from cells into the vesicles during 
the process of vesicle formation (Müller et al., 2001). They 
also demonstrated that fully developed vesicles of Muricauda 
ruestringensis BI" are liberated from the progenitor cell and 
contain a double set of chromosomal DNA. The authors sug- 
gested an asymmetric life cycle for Muricauda ruestringensis 
strain B1" (Müller et al., 2001). This type of multiplication 
seems to be unique among the Flavobacteriaceae. Muricauda 
aquimarina also shows relative long and thick appendages 
(Yoon et al., 2005d). The character of these appendages, how- 
ever, has not been analyzed. 


Chemotaxonomically significant components. All described 
strains of the genus are yellow- to golden yellow-pigmented when 
grown on the complex medium marine agar 2216 (Difco). The 
strains produce no flexirubin-type pigment (Bruns et al., 2001; 
unpublished data from the authors). All members of the genus 
exhibit an unsaturated menaquinone with six isoprene units 
(MK-6) as the respiratory pigment. 

The genus Muricauda is characterized by cellular fatty acid 
profiles containing high amounts of straight-chain, branched 
and hydroxy fatty acids. The major cellular fatty acids of all 
three species are C... iso, C,,, iso, and C,,, 3-OH iso. The 
growth medium strongly affects the proportion of the straight- 
chain fatty acid C... The proportion of C,,, in Muricauda 
ruestringensis is about 1% when cells are cultivated with min- 
eral PAC* medium containing sodium pyruvate (0.196, w/v), 
sodium acetate (0.4%, w/v), and Casamino acids (0.1%, w/v) 
as the carbon source. In contrast, when cells are cultivated on 
the complex medium marine agar 2216 (Difco), this fatty acid 
amounts to 13%. 


Growth conditions. All described Muricauda species grow 
well in liquid cultures or on solid media composed of artificial 


*PAC medium contains (per liter of artificial seawater of 2.25% salinity): sodium 
pyruvate, 1.0 g; sodium acetate, 4.0 g; Casamino acids, 1.0 g; vitamin solution, 
3.0 ml; mineral salt solution (DSMZ medium no. 124; DSMZ Catalogue of Strains, 
1983), 1.0 ml; NaNO,, 1.46 g; and Na,HPO,, 1.4 g; pH 7.2. 
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Lacinutrix copepodicola (AY694001) 
Olleya marilimosa (AY586527) 
Algibacter lectus (AY187689) 
Bizionia paragorgiae (AY651070) 
Formosa algae (AY228461) 
Winogradskyella thalassocola (AY521223) 
Psychroserpens burtonensis (U62913) 
Subsaximicrobium wynnwilliamsii (AY693997) 
Subsaxibacter broadyi (AY693999) 
Gelidibacter algens (U62914) 
Ulvibacter litoralis (AY243096) 
Tenacibaculum maritimum (AB078057) 


Polaribacter filamentus (U73726) 


30 


Kordia algicida (AY 195836) 
m Aquimarina muelleri (AY608406) 

Stanierella latercula (M58769) 

Gramella echinicola (AY608409) 


Mesonia algae (AF536383) 


Psychroflexus torquis (U85881) 
Gillisia limnaea (AJ440991) 
— Salegentibacter salegens (M92279) 
Sediminicola luteus (AB206956 ) 
Cellulophaga lytica (M62796) 


Leeuwenhoekiella marinoflava (M58770) 


Croceibacter atlanticus (AY163576) 


Vitellibacter vladivostokensis (AB071382) 
Aequorivita antarctica (AY027802) 


Robiginitalea biformata (AY424899) 
Arenibacter latericius (AF052742) 


Muricauda aquimarina (AY445075) 


Muricauda ruestringensis (AF218782) 


Muricauda flavescens (AY445073) 
Zobellia galactanivorans (AF208293) 


Ir Maribacter sedimenticola (AY271623) 
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Bacteroides fragilis (X83935) 


FIGURE 48. Neighbor-joining tree based on 16S rRNA gene sequences of marine members of the family Flavobac- 
leriaceae. The tree shows the position of the Muricauda species Muricauda aquimarina, Muricauda flavescens, and Muri- 
cauda ruestringensis. Bootstrap values (expressed as percentages of 1,000 replications) are shown at the branching 
points. Bacteroides fragilis was used as the outgroup. Bar = 0.02 substitutions per nucleotide position. 
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FIGURE 49. Electron micrographs of the cell morphology and ultrastructure of Muricauda ruestringensis. Scanning electron micrographs: 
(a) formation of cell appendages starts with a vesicle-like structure on the bacterial surface (bar = 0.5 um); (b, c) formation and growth of a stalk 
up to a length of approximately 5 pm (bars = 0.5 pm); (d) single cell with an appendage that has a vesicle-like structure which exhibits fibrillar-like 
structures (bar = 0.5 pm). Ultrathin sections of ultrastructural features: (e) older cells show holes (arrows) in the cell membrane which otherwise 
show a typical Gram-negative arrangement (bar = 0.1 pm); (f) appendages are formed as a continuum of the outer membrane (bar = 50 nm). OM, 
Outer membrane; CM, cytoplasmic membrane. 


seawater supplemented with amino acids and trace elements or 
in marine broth. Muricauda species show good growth in media 
containing 0.5-9.0% NaCl, but not in media with an NaCl 
concentration of more than 10%. The optimal NaCl concen- 
tration varies between Muricauda species: 3% NaCl is optimal 
for Muricauda ruestringensis, whereas 2% is optimal for Muri- 
cauda aquimarina and Muricauda flavescens. The pH tolerance 
for growth varies between 6.0 and 8.0, with optimal growth at 
pH 6.5-7.5. All species have a wide temperature range showing 
good growth between 8 and 40°C. Bruns et al. (2001) report 
30°C as optimal for Muricauda ruestringensis and Yoon et al. 
(2005d) report 37°C to be optimal for Muricauda aquimarina 
and Muricauda flavescens. All species grow under oxic condi- 
tions. Muricauda ruestringensis also shows good growth at dis- 
solved oxygen concentrations as low as 0.8 pmol/l and weak 
growth under anoxic conditions. Anoxic growth has not been 
observed for Muricauda aquimarina and Muricauda flavescens. 


Metabolism and metabolic pathways. All members of the 
genus Muricauda are chemo-organotrophic. Muricauda aquima- 
rina and Muricauda flavescens are described as having an exclu- 
sively respiratory-type metabolism. Muricauda ruestringensis is 
described as being facultatively anaerobic, exhibiting an anaer- 
obic metabolism when peptone and yeast extract are supplied 
as the carbon source. All Muricauda species are able to hydro- 
lyze esculin, tyrosine, and Tweens 20, 40, and 60. They grow 
with the sugars cellobiose, fructose, lactose, mannose, raffinose, 
and sucrose, or with succinate. Acid is produced from cellobi- 
ose, D-fructose, D-glucose, lactose, maltose, D-mannose, melibi- 
ose, sucrose, trehalose, and raffinose. All species are unable to 
reduce nitrate or nitrite and do not produce H,S. They are also 
unable to degrade high-molecular-mass carbohydrates such as 


starch or agar. Birchwood xylan is not degraded when tested on 
solid marine salts basal medium using the method of Baumann 
and Baumann (1981). Muricauda species do not hydrolyze 
casein, gelatin, hypoxanthine, urea, or xanthine. No growth 
occurs with acetate, pyruvate, glutamate, butyrate, citrate, lac- 
tate, formate, benzoate, methanol, ethanol, gelatin, starch, 
urea, xanthine, serine, mannitol, or hexadecane when these 
are supplied as the sole carbon source. No acids are produced 
from p-sorbitol, myo-inositol, D-ribose, p-mannitol, adonitol, or 
L-rhamnose. 


Ecology. All known Muricauda species have been isolated 
from salt water habitats. Muricauda ruestringensis strain B1™ was 
isolated from a continuous culture with a suspension composed 
of artificial seawater and intertidal sediment taken from the 
German North Sea coast and which contained an autochtho- 
nous community. The culture was run at a dissolved oxygen 
concentration of 0.8 pmol/l (Berthe-Corti and Bruns, 1999). 
The intertidal Wadden sediment from the German North Sea 
coast is a nutrientrich habitat characterized by strong shifts 
in temperature, salinity, and oxygen concentration. It is rich 
in species belonging to the Cytophaga—Flavobacteria—Bacteroides 
group (Llobet-Brossa et al., 1998). Muricauda aquimarina and 
Muricauda flavescens have been taken from the water column of 
a salt lake near Hwajinpo Beach of the East Sea in Korea. This 
lake is fed by a river and has a direct connection to the East Sea 
in Korea. 


Enrichment and isolation procedures 


AII Muricauda species were isolated using the standard dilution 
plating technique. Before isolation, Muricauda ruestringensis 
was enriched in a sedimentsuspension culture (as described 
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above). Isolation was performed at 25°C on solid modified 
nutrient agar* Muricauda aquimarina and Muricauda flavescens 
have been isolated from the water column of a salt lake using 
marine agar 2216 (Difco). Cultures were incubated at 30°C. 


Maintenance procedures 


Muricauda can be maintained in the laboratory by transfer onto 
the isolation medium described above. Long-term storage of 
Muricauda ruestringensis has only been tested in the liquid PAC 
medium containing 20-25% glycerol. J.-H. Yoon recommends 
using nutrient broth from Difco with the addition of 20% glyc- 
erol for long-term storage of Muricauda aquimarina and Muri- 
cauda flavescens (personal communication). 


Differentiation of the genus Muricauda from other closely 
related taxa 


Phylogenetically, the genus Muricauda is clearly affiliated to the 
family of Flavobacteriaceae. It shares the inability to degrade crys- 
talline cellulose (filter paper) with the other members of the 
Flavobacteriaceae. Among the complex organic substrates that 
some members of the phylum Bacteroidetes are able to degrade, 
cellulose has a particular taxonomic significance. The inability 
to degrade crystalline cellulose is one major characteristic used 


FAMILY |. FLAVOBACTERIACEAE 


to distinguish members of the Flavobacteriaceae from those of the 
genus Cytophaga. Moreover, the genus Muricauda produces yel- 
low to golden yellow pigments, which is a typical characteristic 
of most Flavobacteriaceae. Production of flexirubin-type pigment 
is a further distinguishing characteristic within the Mavobac- 
teriaceae. Muricauda was negative for the flexirubin reaction, 
whereas other members of the Flavobacteriaceae such as Zobellia 
produce this pigment (Table 58). While all closely related mem- 
bers of the Flavobacteriaceae have a strictly aerobic respiratory 
metabolism, Muricauda ruestringensis is a facultatively anaerobic 
organism. All other differential characteristics of closely related 
Flavobacteriaceae isolated from marine or marine-derived habi- 
tats are summarized in Table 58. 

Finally, the most striking differential characteristic making 
Muricauda an extraordinary member of the Havobacteriaceae is 
its phenotypic appearance. The appendages formed as a con- 
tinuum of the outer membrane have never been described for 
other marine Flavobacteriaceae (Table 58). 
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List of species of the genus Muricauda 


1. Muricauda ruestringensis Bruns, Rohde and Berthe-Corti 
2001, 2005” 


rue.strin’gen.sis. N.L. fem. adj. ruestringensis of or belonging 
to to the former village of Rüstringen, which was destroyed 
by a tidal wave in 1362. 


Cells are 0.3-0.6 x 1.1-2.7 um. Cells from older cultures 
(3-4 d) exhibit long and relatively thick (20-30 nm) append- 
ages. On mineral agar, colonies are yellow, circular, slightly 
convex, and 0.5-1.0 mm in diameter after 3 d at 30°C. The 
temperature range for growth is 8—40°C, with optimal growth 
at 20-30°C. The pH tolerance ranges between pH 6.0 and 
8.0. Optimal pH for growth is 6.5-7.5. Slightly halophilic, 
showing good growth in media containing 0.5-9.096 (w/v) 
NaCl, with optimal growth at 3% (w/v) NaCl. Facultatively 
anaerobic. Growth on marine agar occurs under oxic and 
under anoxic conditions. The predominant respiratory lipo- 
quinone is MK-6. The major fatty acids are C, iso, C,., iso, 
and Cz 3-OH iso. 

Source: strain B1" was isolated from an enrichment culture 
containing intertidal sediment of the North Sea coast near 
the former village of Ruestringen. 

DNA G+C content (mol% ): 41.4 (HPLC). 

Type strain: B1, DSM 13258, LMG 19739. 

Sequence accession no. (16S rRNA gene): AF218782. 


2. Muricauda aquimarina Yoon, Lee, Oh and Park 2005d, 1019" 


a.qui.ma.ri’na. L. n. aqua water; L. adj. marinus of the sea; 
N.L. fem. adj. aquimarina pertaining to seawater. 


*Solid modified nutrient agar contains (g/l of artificial seawater): Bacto Peptone 
(Difco), 2.5; yeast extract, 1.5; and agar, 15.0. The artificial seawater contains (g/l 
of distilled water): NaCl, 23.6; KCI, 0.64; MgCl,-6H,O, 4.53; MgSO,-7H,O, 5.94; 
CaCl,-2H,O, 1.3. To avoid precipitation, the CaCl,-2H,O should be sterilized sep- 
arately. The pH of the medium must be adjusted to 7.2. 


Cells are 0.2-0.5 x 2.5-6.0 pm. On marine agar, colonies 
are golden yellow, circular, slightly convex, and 0.8-1.2 mm 
in diameter. Growth occurs at 10°C, but not at 4°C; maxi- 
mum growth temperature is 44°C. Optimal pH for growth 
is around 7.0. Growth occurs in media containing up to 
996 (w/v) NaCl, but does not occur in the absence of NaCl. 
No growth under anoxic conditions. The major fatty acids 
are Ciso iso, C,., iso, and C,,, 3-OH iso. 

Source: the type strain was isolated from a salt lake near 
Hwajinpo Beach of the East Sea in Korea. 

DNA G+C content (mol96): 44.1-44.2 (HPLC). 

Type strain: SW-63, JCM 11811, KCCM 41646. 

Sequence accession no. (16S rRNA gene): AY445075. 


3. Muricauda flavescens Yoon, Lee, Oh and Park 2005d, 1018V" 


fla.ves'cens. L. v. flavesco to become golden yellow; L. part. 
adj. flavescens becoming golden yellow. 


Most characteristics of relevance are identical to those 
of the species Muricauda aquimarina. Cells are 0.2-0.5 x 
2.5-6.0 pm. On marine agar, colonies are golden yellow, 
circular, slightly convex, and 0.8-1.2 mm in diameter. Growth 
occurs at 10°C, but not at 4°C; the maximum growth tempera- 
ture is 44^C. The optimal pH for growth is around 7.0. Growth 
occurs up to 9% (w/v) NaCl (Yoon et al., 2005d), but also 
occurs in a medium without the addition of NaCl and con- 
taining (per liter) 17.0 g casein peptone, 3.0 g soya peptone, 
2.5 g D-glucose, and 2.5 g K,HPO, (unpublished data from 
the authors). No growth occurs under anoxic conditions. The 
major fatty acids are C, iso, C, iso, and C,,, 3-OH iso. 

Source: the type strain was isolated from a salt lake near 
Hwajinpo Beach of the East Sea in Korea. 

DNA G+C content (mol % ): 45.2—45.4 (HPLC). 

Type strain: SW-62, JCM 11812, KCCM 41645. 

Sequence accession no. (16S rRNA gene): AY445073. 
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TABLE 58. Differential characteristics of the genus Muricauda and other closely related genera of the family Flavobacteriaceae isolated from marine 


or marine-derived habitats? 


$ 
Character = < < = & š = N 
Appendages + = = -= = = x: - 
Cell length (um) 1.1-2.7 0.5-20.0 3.0-5.0 0.8-10.0 1.6-2.3 1.6-5.6 3.0-10.0 1.2-8.0 
Cell width (pm) 0.3-0.6 0.2-0.5 0.4-0.7 0.3-0.7 0.4-0.5 0.3-0.7” 0.3-0.5 0.3-0.5 
Pigment color Yellow to Yellow-orange Orange Yellow-orange Yellow Orange Yellow-orange Yellow- 
golden yellow orange-red 
Flexirubin reaction u - - - - - + + 
Gliding motility = = = + + = = + 
Hydrolysis of: 
Gelatin = + D D + = + + 
Starch a D = D + + - D 
Esculin + D na na na + na na 
Cellulose - - - na B u x: - 
Agar = _ = D = na = + 
DNA na = = D = = + D 
Production of: 
Indole _ na - u - - - - 
H,S i - D - E na u - 
Nitrate reduction ú B * D - i - t 
Strictly aerobic D * + + + + + + 
Facultatively anaerobic D = - - - - - D 
Optimum temperature 20-37 20 28-30 21-30 21-23 30 28 20-35 
CC) 
Highest NaCl 9 6-10 6-10 4-10 13 10 6 6-10 
concentration 
tolerated (%) 
Major fatty acids ( % ): 
C z:o iso 14.7-23.7 7.6-17 8.5-17 12-21 8.7 24-28 69 17-23 
C; iso 19.5-21.6 8.9-13 14-19 10-19 12 14-21 2.4 8.8-15 
C; iso 3-OH 17.3-20.9 0-4.5 0-6 11-29 5.6 25-27 0.8 15-26 
DNA G«C content 41-45 33-39 37-40 35-39 36 55-56 41 36-43 
(mol%) 


“+, Positive reaction; -, negative reaction; na, no data available; D, different reactions in different species. All genera are positive for catalase and oxidase. 


bCells in stationary phase are coccoid, 0.6-1.2 pm in diameter. 
*L. Berthe-Corti, unpublished data. 


“No data for Zobellia uliginosa available. 


Genus XXXVI. Myroides Vancanneyt, Segers, Torck, Hoste, Bernardet, Vandamme and Kersters 1996, 930"? 


THE EprroniAL BoARD 


My.roi’des. Gr. n. myron perfume; L. suff. -oides (from Gr. suff. -eides, from Gr. n. eidos that which is seen, 
form, shape, figure), resembling, similar; N.L. masc. n. Myroides resembling perfume. 


Rods, 0.5 x 1-2 pm. Longer rods and long chains (containing 
4-10 cells) may occur in broth medium. Nonmotile. No glid- 
ing motility or swarming occurs. Gram-stain-negative. Yellow 
or yellow to orange colonies are usually produced. A charac- 
teristic fruity odor is produced by most strains. Aerobic, hav- 
ing a strictly respiratory type of metabolism with oxygen as the 
terminal electron acceptor. Good growth occurs on nutrient 
agar and MacConkey agar. No hemolysis occurs on blood agar. 
Growth occurs at 18-22 and 37°C, but not at 5 or 42°C. NaCl 
is not required, but growth occurs in the presence of at least 
5% NaCl. Positive for oxidase and gelatinase; catalase-positive 
or (in one species) weakly positive. Indole-negative. Nitrate is 


not reduced. Negative for arginine dihydrolase and f-galac- 
tosidase. Esculin is not hydrolyzed. Nonsaccharolytic. The 
major isoprenoid quinone is menaquinone-6. The dominant 
polyamine component is homospermidine. The dominant fatty 
acids are C; iso, C,,, iso 3-OH, Ciso 3-OH, C., iso 3-OH, and 
C,,., iso @9c. Two species are sources of nosocomial infections 
in humans; a third has been isolated from seawater. 

DNA G+C content (mol % ): 30-38. 

Type species: Myroides odoratus (Stutzer and Kwaschnina 
1929) Vancanneyt, Segers, Torck, Hoste, Bernardet, Vandamme 
and Kersters 1996, 931%? (Flavobacterium odoratum Stutzer in 
Stutzer and Kwaschnina 1929, 221). 
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Further descriptive information 


Vancanneyt et al. (1996) reported that Myroides odoratus and 
Myroides odoratimimus hydrolyzed the following substrates, 
as determined by API ZYM galleries: 2-naphthyl-phos- 
phate, 2-naphthyl-butyrate, 2-naphthyl-caprylate,  r-leucyl- 
2-naphthylamide, and naphthol-AS-Bl-phosphate. N-Benzoyl- 
DL-arginine-2-naphthylamide, 6-Br-2-naphthyl-B-p-galactopyra- 
noside, 2-naphthyl-B-p-galactopyranoside, naphthol-AS-BI-B-p- 
glucuronide, 2-naphthyl-c-p-glucopyranoside, 6-Br-2-naphthyl- 
a-b-glucopyranoside, — 1-naphthyl-N-acetyl-B-p-glucosaminide, 
6-Br-2-naphthyl-o-b-mannopyranoside, and  2-naphthyl-a-.- 
fucopyranoside are not hydrolyzed. Very weak or no hydrolysis 
occurs with the substrates 2-naphthylmyristate, L-valyl-2-naph- 
thylamide, L-cystyl-2-naphthylamide, and M-glutaryl-phenylala- 
nine-2-naphthylamide. 

Myroides odoratus is most commonly recovered from human 
urine specimens, sometimes in significant numbers, and from 
colonization of amputation sites (Davis et al, 1979; Holmes 
et al., 1979; Vancanneyt et al., 1996). Strains of Myroides odora- 
timimus have been isolated from human wounds, urine, human 
leg slough, pus, and a water sample (Vancanneyt et al., 1996). 
The role of Myroides odoratus and Myroides odoratimimus as caus- 
ative agents of infection is ill-defined and data are still emerging. 
Yagci et al. (2000) reported an outbreak of Myroides odoratimi- 
mus that occurred in a urology ward of a hospital over a 3-year 
period and described the use of DNA fingerprinting for charac- 
terization of the isolates. Green et al. (2001) reported a case of 
bacteremia and recurrent cellulitis caused by Myroides odoratus 
in an evidently immunocompetent male; this appears to be the 
first documented life-threatening infection in an immunocom- 
petent host. Motwani et al. (2004) reported a case of cellulitis 
caused by Myroides odoratus that progressed to septic shock. 

Some strains of Myroides odoratus have been found in insect 
guts (Spiteller et al., 2000) and freshwater fishes (the bacterial 
niche being unidentified; González et al., 2000). 

The type strain of Myroides pelagicus was obtained during the 
isolation of crude oil-utilizing and -emulsifying bacteria from 
seawater by Maneerat et al. (2005). Myroides pelagicus (and also 
Myroides odoratus and Myroides odoratimimus) produced surface- 
active compounds in marine broth 2216 (Difco), which were 
identified as cholic acid, deoxycholic acid, and their glycine con- 
jugates. These findings were the first indication that bile acids 
could be produced by prokaryotic cells. Maneerat et al. (2006) 
reported that the type strain of Myroides pelagicus could grow on 
weathered crude oil and was capable of emulsifying it. Bile acids 
cannot emulsify crude oil and Maneerat et al. (2006) showed 
that the biosurfactant able to emulsify crude oil was excreted in 
the culture supernatant and was identified as being a mixture 
of L-ornithine lipids. 
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Enrichment and isolation procedures 


Special procedures are not normally required for the isolation 
of Myroides odoratus and Myroides odoratimimus. Myroides pelagi- 
cus was isolated from seawater and can be cultured in marine 
broth 2216 (Difco). 


Differentiation of the genus Myroides from other genera 


The genus differs from Flavobacterium species by its lack of glid- 
ing motility, its ability to grow well at 37°C, its salt tolerance, 
and differences in its fatty acid composition. Whereas Flavobac- 
teriumspecies are mainly soil and freshwater organisms, Myroides 
odoratus and Myroides odoratimimus are associated with nosoco- 
mial infections in humans. The characteristics of being non- 
saccharolytic and indole-negative differentiate Myroides odoratus 
from Elizabethkingia meningosepticum and other similar medically 
important organisms. 


Taxonomic comments 


Bernardet et al. (1996) emended the description of the genus 
Flavobacterium and restricted members of this genus to aerobic, 
chemoheterotrophic, Gram-stain-negative rods that occur in 
soil and freshwater, have gliding motility, form cream to yel- 
low colonies, and decompose several polysaccharides but not 
cellulose. Flavobacterium odoratum (now Myroides odoratum) did 
not have gliding motility and occurred in clinical specimens, so 
it was removed from the genus Flavobacterium. Analysis of 16S 
rRNA gene sequences had also indicated that Flavobacterium 
odoratum was phylogenetically distinct from the other members 
of the Flavobacterium (Gherna and Woese, 1992; Nakagawa and 
Yamasato, 1993, 1996) (Vandamme et al., 1994a). In a polypha- 
sic taxonomic study that included DNA-rRNA hybridizations 
and an analysis of whole-cell protein patterns, fatty acid compo- 
sitions, and phenotypic characteristics, Vancanneyt et al. (1996) 
concluded that Flavobacterium odoratum should be placed in a 
new genus, Myroides. Moreover, they also gave species status, 
Myroides odoratimimus, to a genetically homogeneous subgroup 
within Flavobacterium odoratum based on the lack of significant 
DNA-DNA hybridization with Myroides odoratum strains. 

Yoon et al. (2006a) reported that the type strain of Myroides 
pelagicus shared 93-95% 16S rRNA gene sequence similarity 
with the type strains of Myroides odoratus and Myroides odoratimi- 
mus. Moreover, the DNA-DNA relatedness values of the strain 
with the type strains of Myroides odoratus and Myroides odoratimi- 
mus were less than 70%, indicating that the strain belonged to 
a novel species. 


Differentiation of species of the genus Myroides 


Table 59 lists some features that differentiate the three species 
of the genus. 


List of species of the genus Myroides 


1. Myroides odoratus (Stutzer and Kwaschnina 1929) Vancan- 
neyt, Segers, Torck, Hoste, Bernardet, Vandamme and Ker- 
sters 1996, 931V* (Flavobacterium odoratum Stutzer in Stutzer 
and Kwaschnina 1929, 221) 


o.do.ra'tus. L. part. masc. adj. odoratus perfumed. 


Characteristics are as given for the genus and as listed 
in Table 59, with the following additional features given by 
Vancanneyt et al. (1996). No positive reaction is observed 


in Biotype 100 galleries. In the Biolog GN MicroPlate assay, 
all strains, even the negative control, oxidize all wells after 
a few hours of incubation. DNA-DNA hybridization values 
among the strains range from 55 to 100%. The major fatty 
acids are C; iso, C,, iso 3-OH, C,, anteiso, C,,, 3-OH, C 
iso 3-OH, and C,,, iso @9c. 

Source: commonly recovered from human urine specimens, 
sometimes in significant numbers, and from colonization of 


15:0 16:0 17:0 
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TABLE 59. Features that differentiate the type strains of the species of 


the genus Myroides* 


g 
E: 
° š 8 
š Š ES 
S S a 
Characteristic = = = 
Cell length (um) 11-12 3.5-4.0 0.5-1.0 
Colony color Yellow Pale yellow Yellow to 
orange 
NaCl tolerance for growth 0-5 0-6 0-9 
(96, w/v) 
pH range for growth 6-9 6-9 5-9 
Catalase + + Weak 
Urease + + - 
Esterase (C4), esterase + + _ 
lipase (C8) 
Utilization of? 
L-Histidine + + _ 
o-Hydroxybutyric acid + - * 
Succinamic acid 4 Weak + 
Urocanic acid + + - 
Nitrite reduction + + _ 


“Data taken from Yoon et al. (2006a). 
PUsing the Biolog system. 


‘Nitrite is characteristically reduced, but not nitrate (Vancanneyt et al., 1996). 


amputation sites. Some strains have been found in insect 
guts and freshwater fishes. 

DNA G+C content (mol % ): 35-38 (T). 

Type strain: ATCC 4651, CCUG 7321, CIP 103105, DSM 
2801, IFO (now NBRC) 14945, JCM 7458, LMG 1233, NCTC 
11036. 

Sequence accession no. (16S rRNA gene): M58777. 


. Myroides odoratimimus Vancanneyt, Segers, Torck, Hoste, 
Bernardet, Vandamme and Kersters 1996, 931%? 


0.do.ra.ti'mi.mus. L. part. masc. adj. odoratus a specific epi- 
thet; L. n. mimus a mimic, an imitator; N.L. n. odoratimimus 
imitator of ( Myroides) odoratus. 


Characteristics are as given for the genus and as listed in 
Table 59, with the following additional features given by Van- 
canneyt et al. (1996). As determined by Biotype 100 galler- 
ies, growth occurs on L-aspartate, L-glutamate, and L-proline. 
Growth on L-malate, succinate, and fumarate differs depend- 
ing on the strain studied. When the Biolog GN MicroPlate 
assay is used, all strains oxidize Tween 40, Tween 80, meth- 
ylpyruvate, monomethylsuccinate, acetic acid, a-hydroxybu- 
tyric acid, a-ketovaleric acid, pr-lactic acid, propionic acid, 
succinic acid, bromosuccinic acid, succinamic acid, alanin- 
amide, L-alanine, L-alanylglycine, L-asparagine, L-aspartic 
acid, L-glutamic acid, glycyl-L-aspartic acid, glycyl-1-glutamic 
acid, r-leucine, L-ornithine, L-proline, r-serine, L-threonine, 
inosine, uridine, and thymidine. Reactions differ among 
strains for oxidation of r-fucose, formic acid, B-hydroxybu- 
tyric acid, y-hydroxybutyric acid, o-ketobutyric acid, a-keto- 
glutaric acid, r-histidine, L-phenylalanine, p-serine, urocanic 
acid, phenylethylamine, 2,3-butanediol, and glycerol. 

The following substrates are not oxidized: o-cyclodextrin, 
dextrin, glycogen, Macetyl-p-galactosamine, Nacetyl-p- 


glucosamine, adonitol, r-arabinose, D-arabitol, cellobiose, 
meso-erythritol, D-fructose, D-galactose, gentiobiose, o-p- 
glucose, myo-inositol, o-p-lactose, lactulose, maltose, D- 
mannitol, D-mannose, melibiose, methyl f-p-glucoside, 
D-psicose, raffinose, L-rhamnose, p-sorbitol, sucrose, treha- 
lose, turanose, xylitol, c¿saconitic acid, citric acid, D-galac- 
tonic acid lactone, D-galacturonic acid, p-gluconic acid, 
p-glucosaminic acid, p-glucuronic acid, p-hydroxyphenyla- 
cetic acid, itaconic acid, malonic acid, quinic acid, D-saccharic 
acid, sebacic acid, glucuronamide, p-alanine, hydroxy-L- 
proline, L-pyroglutamic acid, DL-carnitine, y-aminobutyric 
acid, putrescine, 2-aminoethanol, pr-o-glycerolphosphate, 
glucose 1-phosphate, and glucose 6-phosphate. 

DNA-DNA hybridization values among the strains range 


from 80 to 100%. The major fatty acids are C, iso, Ciso Ciso 
iso, C, iso 3-OH, Cso 3-OH, C., iso 3-OH, C., iso 9c, and 
summed feature 4 (C,., iso 2-OH and/or C... 07c/ 1). 


15:0 16:1 
Source: human wounds, urine, human leg slough, pus, and 


a water sample. 

DNA G+C content (mol % ): 30-35 (T. ). 

Type strain: CCUG 39352, CIP 105170, JCM 7460, LMG 
4029, NCTC 11180. 

Sequence accession no. (16S rRNA gene): AJ854059. 


. Myroides pelagicus Yoon, Maneerat, Kawai and Yokota 2006a, 


1919” 
pe.la'gi.cus. L. masc. adj. pelagicus belonging to the sea. 


Characteristics are as given for the genus and as listed in 
Table 59, with the following additional features given by Yoon 
et al. (2006a). Colonies on LB agar are circular, convex, and 
yellow to orange. Temperature range for growth is 10-37°C; 
no growth occurs at 4 or 45*C. The pH range for growth is 
5-9. NaCl is not required for growth, but the organism can 
tolerate up to 9% NaCl (w/v). Oxidase-positive. Catalase is 
weakly positive. 

The following reactions are positive: gelatin hydrolysis, 
Voges-Proskauer test, citrate utilization, alkaline phos- 
phatase, leucine arylamidase, acid phosphatase, and naph- 
thol-AS-BI-phosphohydrolase. The following substrates 
are utilized (Biolog MicroPlate system): glycogen, methyl 
pyruvate, monomethyl succinate, acetic acid, o-ketoglutaric 
acid, a-ketovaleric acid, pr-lactic acid, succinic acid, bromo- 
succinic acid, succinamic acid, r-alanine, r-alanyl glycine, 
L-asparagine, L-aspartic acid, L-glutamic acid, glycyl L-aspartic 
acid, glycyl L-glutamic acid, r-leucine, L-ornithine, L-proline, 
L-serine, L-threonine, inosine, uridine, and thymidine. 

The following reactions are negative: ONPG, arginine 
dihydrolase, lysine decarboxylase, ornithine decarboxy- 
lase, urease, production of H,S and indole, nitrate and 
nitrite reduction, esterase (C4), esterase lipase (C8), lipase 
(C4), valine arylamidase, cystine arylamidase, trypsin, 
chymotrypsin, o-galactosidase, f-galactosidase, o-glucosi- 
dase, B-glucosidase, and tryptophan deaminase. The follow- 
ing substrates are not utilized (Biolog MicroPlate system): 
cyclodextrin, dextrin, Tween 40, Tween 80, Macetyl-p-glu- 
cosamine, N-acetyl-p-galactosamine, adonitol, L-arabinose, 
p-arabitol, cellobiose, i-erythritol, D-fructose, L-fucose, 
D-galactose, gentiobiose, a-D-glucose, myo-inositol, o-D- 
lactose, lactulose, maltose, D-mannitol, D-mannose, melibi- 
ose, methyl B-p-glucoside, D-psicose, raffinose, L-rhamnose, 
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D-sorbitol, sucrose, trehalose, furanose, xylitol, cés-aconitic 
acid, citric acid, formic acid, p-galactonic acid lactone, 
p-galacturonic acid, p-gluconic acid, p-glucosaminic acid, 
D-glucuronic acid, a-hydroxybutyric acid, y-hydroxybutyric 
acid, phydroxyphenylacetic acid, itaconic acid, o-ketobu- 
tyric acid, malonic acid, propionic acid, quinic acid, D-saccharic 
acid, sebacic acid, glucuronamide, alaninamide, p-alanine, 
L-histidine, hydroxyl-L-proline, L-phenylalanine, L-pyroglu- 
tamic acid, D-serine, DL-carnitine, y-aminobutyric acid, uro- 
canic acid, phenylethylamine, putrescine, 2-aminoethanol, 


FAMILY I. FLAVOBACTERIACEAE 


2,3-butanediol, glycerol, pr-o-glycerol phosphate, glucose 
1-phosphate, and D-glucose 6-phosphate. 

The major quinone system is menaquinone-6. The major 
cellular fatty acids are C, iso, C,,., iso @9c, and C,,, iso 
3-OH. 

Source: the type strain was isolated from seawater, off the 
coast of Thailand. 

DNA G+C content (mol % ): 33.6 (HPLC). 

Type strain: SM1, IAM 15337, KCTC 12661. 

Sequence accession no. (16S rRNA gene): AB176662. 


15:0 


Genus XXXVII. Nonlabens Lau, Tsoi, Li, Plakhotnikova, Dobretsov, Wong, Pawlik and Qian 2005b, 2281? 


THE EpiroRIAL BOARD 


Non.la'bens. L. adv. non not; L. part. adj. labens gliding; N.L. fem. n. (N.L. part. adj. used as a substantive) 


Nonlabens non-gliding. 


Short rods. Nonmotile. Nonsporeforming. Gram-stain-negative. 
Strictly aerobic. MK-6 is the only respiratory quinone. Colonies 
are orange. NaCl (2.0—4.046) is required for growth. Flexirubin- 
type pigments are not produced. Catalase- and oxidase-positive. 
Acetoin is produced. Gelatin is hydrolyzed. No a- and B-glucosi- 
dase and -galactosidase activities are present. Isolated from a 
microbial mat in a subtropical estuary. 

DNA G+C content (mol % ): 33.6 (HPLC). 

Type species: Nonlabens tegetincola Lau, Tsoi, Li, Plakhotnik- 
ova, Dobretsov, Wong, Pawlik and Qian 2005b, 2281’? emend. 
Lau, Tsoi, Li, Plakhotnikova, Dobretsov, Wu, Wong, Pawlik and 
Qian 2006, 184. 


Enrichment and isolation procedures 


Nonlabens tegetincolawas isolated from a microbial mat covering a 
polystyrene surface retrieved from an estuarine mangrove habi- 
tat in the Bahamas. The isolation medium was a special marine 
agar (SMA) consisting of 5.0 g peptone and 3.0 g yeast extract 
dissolved in seawater. The medium was sterilized by filtration 


(0.22 pm pore diameter) and solidified with agar. Orange colo- 
nies, 2-4 mm in diameter, were selected after 48 h at 30°C. 


Differentiation of the genus Nonlabens 
from related genera 


Members of the genus Nonlabens differ from those of Psychro- 
flexus in that they require NaCl, are able to hydrolyze gelatin, 
lack a- and -glucosidase activities, and are unable to grow at 
temperatures below 12°C. They differ from members of the 
genus Salegentibacter in their requirement for NaCl, orange pig- 
mentation (rather than yellow), production of acetoin, lack of 
P-galactosidase activity, and inability to grow at temperatures 
below 12°C. 


Taxonomic comments 


Phylogenetic analysis based on 16S rRNA gene sequences 
indicates that the nearest neighbors of Nonlabens are members 
of the genera Psychroflexus and Salegentibacter, with sequence 
similarity values of 88.5-90.7% (Lau et al., 2005b). 


List of species of the genus Nonlabens 


1. Nonlabens tegetincola Lau, Tsoi, Li, Plakhotnikova, 
Dobretsov, Wong, Pawlik and Qian 2005b, 2281’? emend. 
Lau, Tsoi, Li, Plakhotnikova, Dobretsov, Wu, Wong, Pawlik 
and Qian 2006, 184 
te.get.in'col.a. L. n. teges -etis mat; L. n. incola an inhabitant; 
N.L. n. fegetincola mat-inhabitant, pertaining to its microbial 
mat habitat. 

Characteristics are as described for the genus, with the 
following additional features. Colonies on SMA agar are 
orange, circular, 2.0-4.0 mm in diameter, and convex, with 
smooth surfaces and entire translucent margins. No diffus- 
ible pigment is produced. Grows at 12.0-44.0°C (optimum 
28.0-36.0°C) and pH 5.0-10.0. Acetoin is produced, but 
not indole or H,S. Nitrate is not reduced. DNA, gelatin, 
starch, and Tweens 20, 40 and 80 are hydrolyzed, but not 
agar, casein, cellulose, or chitin. The following enzymes 
are present: acid phosphatase, alkaline phosphatase, o-chy- 
motrypsin, cystine arylamidase, leucine arylamidase, valine 
arylamidase, esterase (C4), esterase lipase (C8), lipase 
(C14), trypsin, and naphthol-AS-BI-phosphohydrolase. The 


following enzymes are not present: Macetyl-p-glucosamin- 
idase, arginine dihydrolase, o-fucosidase, a-galactosidase, 
P-galactosidase, o-glucosidase, B-glucosidase, B-glucuroni- 
dase, o-mannosidase, lysine decarboxylase, ornithine 
decarboxylase, tryptophan deaminase, and urease. Except 
for acid production from sucrose, no growth or acid pro- 
duction is observed from carbon sources included in the 
API 50CH, API 20E, and API 20NE test systems. Utilization 
of 57 carbon sources occurs when tested by the MicroLog 
3 system; the compounds used include acetic acid, adon- 
itol, r-alaninamide, r-alanine, L-alanylglycine, p-arabi- 
tol, L-aspartic acid, citric acid, o-cyclodextrin, dextrin, 
L-erythritol, D-fructose, L-fucose, D-galactonic acid lactone, 
D-galactose, p-galacturonic acid, D-gluconic acid, p-glu- 
cosaminic acid, a-b-glucose, glucuronamide, p-glucuronic 
acid, L-glutamic acid, glycogen, glycyl-L-aspartic acid, gly- 
cyl-L-glutamic acid, o-hydroxybutyric acid, myo-inositol, 
a-ketobutyric acid, a-ketoglutaric acid, o-ketovaleric acid, 
DL-lactic acid, a-p-lactose, lactulose, malonic acid, maltose, 
p-mannitol, D-mannose, melibiose, methyl p-p-glucoside, 


GENUS XXXVIII. OLLEYA 


methylpyruvate, monomethyl succinate,  L-ornithine, 
L-proline, propionic acid, quinic acid, p-psicose, raffinose, 
r-rhamnose, p-saccharic acid, L-serine, p-sorbitol, succi- 
namic acid, sucrose, L-threonine, trehalose, turanose, and 


uridine. The predominant fatty acids are C,., iso, C, 
iso 3-OH, C so iso, C,,, iso 3-OH, C,,, iso 3-OH, summed 
feature 3 (comprising C,., iso 2-OH and/or Cia 7c), and 


an unknown fatty acid with a carbon chain length equivalent 
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of 13.6 (altogether representing 78.3% of the total). 
Susceptible to ampicillin, chloramphenicol, penicillin, 
streptomycin, and tetracycline, but not to kanamycin. 
Source: the type strain was isolated from a microbial mat in 
an estuarine mangrove habitat in the Bahamas. 
DNA G+C content (mol 96): 33.6 (HPLC). 
Type strain: UST030701-324, JCM 12886, NRRL B-41136. 
Sequence accession no. (16S rRNA gene): AY987349. 


Genus XXXVIII. Olleya Mancuso Nichols, Bowman and Guezennec 2005, 1560"* 


THE EpiroRIAL BOARD 


Ol.ley'a. N.L. fem. n. Olleya named in honor of June Olley, who has made significant contributions to the 


area of predictive microbiology. 


Rods, approximately 0.3-0.5 x 2.0-2.5 pm. Motile by gliding. 
Endospores are not formed. Gram-stain-negative. Cell mass 
is orange/yellow. Flexirubin pigments are absent. Growth 
occurs at 4—30°C, but not at 37°C. Strictly aerobic. Chemo- 
heterotrophic. Catalase-positive. Oxidase-positive. NaCl or sea 
salts are required for growth. Acid is produced from carbo- 
hydrates. f-Galactosidase activity is not present. Agar and starch 
are not hydrolyzed. The major fatty acids include C,. , iso o10c, 
Ciso iso, C,,, iso p-OH, C,,, anteiso o10c, C and Czo iso 
a-OH. 

DNA G+C content (mol % ): 49 (T). 

Type species: Olleya marilimosa Mancuso Nichols, Bowman 
and Guezennec 2005, 1560V?. 


15:0 1 15:0? 


Enrichment and isolation procedures 


Olleya marilimosa was isolated from material sampled from the 
cod end of a plankton net (20 pm pore size) trawled through 
the Southern Ocean; the sea temperature was 4^C and the salin- 
ity was 3.5%. Aliquots of 20 pl from the net were spread onto 
SNA (nutrient broth made with seawater plus 12 g/l agar) and 
SNA + 2% glucose and incubated at 2°C. After initial isolation, 
colonies were subcultured onto marine agar (MA)* and MA- 
glucose. 


Differentiation of the genus Olleya 
from related genera 


Members of the genus Olleya can be differentiated from those 
of the genus Lacinutrix by their gliding motility, oxidase activity, 
growth at 30°C, acid formation from carbohydrates, and higher 
DNA G+C content (49 mol% vs 37 mol%). They differ from 
members of the genus Bizionia by their gliding motility, acid 
production from carbohydrates, utilization of carbohydrates, 
inability to produce H,S and hydrolyze casein, and higher DNA 
G+C content (49 mol% vs 38-45 mol%). They differ from mem- 
bers of the genus Algibacter by their aerobic instead of fermenta- 
tive metabolism, lack of B-galactosidase, inability to hydrolyze 
agar and starch, and higher DNA G+C content (49 mol% vs 
31-33 mol%). 


Taxonomic comments 


By 16S rRNA gene sequence analysis, the taxa most closely 
related to Olleya marilimosa are Lacinutrix copepodicola, Bizio- 
nia saleffrena, Bizionia paragorgiae, and Algibacter lectus, having 
sequence similarities of 94.0, 94.1, 94.2, and 94.5%, respectively 
(Mancuso Nichols et al., 2005). 


List of species of the genus Olleya 


1. Olleya marilimosa Mancuso Nichols, Bowman and Guezen- 
nec 2005, 1560V" 


mar.i.lim.o'sa. L. gen. neut. n. maris of the sea; L. adj. limosus 
-a -um full of slime, slimy; N.L. fem. adj. marilimosa of the sea 
and slimy. 


Characteristics are as described for the genus, with the 
following additional features. After 1 week at 20°C on MA, 
colonies are orange/yellow, translucent, 1-2 mm in diame- 
ter, circular, and convex, with an entire edge and a butyrous 
consistency. Colonies exhibit a spreading margin on dilute 
agar and an enhanced mucoid morphology when grown 
on MA-glucose. The pH range for growth is 5-9. Growth 


*MA contains: yeast extract (Oxoid L21), 1 g; bacteriological peptone (Oxoid 
L375), 5 g; artificial sea salts (Sigma S9883), 32 g; agar, 15 g; and distilled water, 
1,000 ml. For MA-glucose, a glucose stock solution is autoclaved separately before 
being combined with MA to give a final concentration of 3% glucose. 


occurs between 1.2 and 5.2% NaCl, with optimal growth 
occurring in approximately 1.2-2.9% NaCl. Yeast extract 
or peptone is required for growth. Nitrate is not reduced 
to nitrite. Indole, DNase, B-galactosidase, lipase, urease, 
and acetoin (Voges—Proskauer reaction) are not produced. 
Degrades Tween 80, elastin, gelatin, and tyrosine, but not 
agar, starch, esculin, casein, cellulose, or xanthine. Citrate is 
utilized as a sole carbon source, but uric acid is not. Acid is 
produced from glucose. Glucose, maltose, and mannose are 
assimilated, but arabinose, mannitol, p-gluconate, capric 
acid, adipic acid, malate, and trisodium citrate are not. 
The following enzyme activities are present: N-acetyl-B-glu- 
cosaminidase, alanine arylamidase, alkaline phosphatase, 
arginine arylamidase, glutamyl glutamic acid arylamidase, 
glycine arylamidase, histidine arylamidase, leucine arylami- 
dase, leucyl glycine arylamidase, phenylalanine arylamidase, 
serine arylamidase, and tyrosine arylamidase. The following 
enzyme activities are not present: a-arabinosidase, arginine 
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dihydrolase, o-fucosidase, o-galactosidase, B-galactosidase, 
P-galactosidase-6-phosphate, o-glucosidase, B-glucosidase, 
P-glucuronidase, glutamic acid decarboxylase, lysine decar- 
boxylase, ornithine decarboxylase, proline arylamidase, 
pyroglutamic acid arylamidase, and tryptophan deami- 
nase. The exopolysaccharide produced by the type strain is 
composed of the following monosaccharides (percentage 
of total sugars): arabinose, 5; mannose, 74; galactose, 3; 


FAMILY I. FLAVOBACTERIACEAE 


glucose, 8; glucuronic acid, 8; and Macetylglucosamine, 1 
(Nichols et al., 2005). 

Source: the type strain was isolated from particulate mate- 
rial from the Southern Ocean at approximately 65° 32' 06 S 
143° 10' 16 E. 

DNA G+C content (mol96): 49 (T). 


Type strain: CAM030, ACAM 1065, CIP 108537. 
Sequence accession no. (16S rRNA gene): AY586527. 


Genus XXXIX. Ornithobacterium Vandamme, Segers, Vancanneyt, Van Hove, Mutters, Hommez, Dewhirst, Paster, 
Kersters, Falsen, Devriese, Bisgaard, Hinz and Mannheim 1994b, 35%" 


Harez M. Hafez AND PETER VANDAMME 


Or.ni.tho.bac.te'ri.um. Gr. n. ornis -ithos bird; L. neut. n. bacterium rod; N.L. neut. n. Ornithobacterium bird 


bacterium, because it was first isolated from birds. 


Cells are pleomorphic rods, 0.2-0.4 x 1.3 um. Gram-stain-neg- 
ative. Nonsporeforming. Nonmotile. Metabolism is chemo- 
organotrophic and mesophilic. Growth occurs at 30-42*C. 
Ornithobacterium strains grow in various atmospheric condi- 
tions, but preferentially microaerobically. Ornithobacterium 
strains exhibit various levels of capnophilic metabolism. Colo- 
nies are not pigmented on common growth media. Oxidase- 
positive. Catalase-negative. B-Galactosidase (ONPG)-positive. 
Most strains are urease-positive. Indole-negative. Nitrate is not 
reduced to nitrite. This genus has been referred to as Pasteur- 
ella-like, Kingella-like, or pleomorphic Gram-stain-negative rod 
(PGNR); the name TAXON 28 has also been used. Ornithobac- 
lerium strains cause respiratory disease in avian species world- 
wide. 

DNA G+C content (mol % ): 37-39. 

Type species: Ornithobacterium rhinotracheale Vandamme, 
Segers, Vancanneyt, Van Hove, Mutters, Hommez, Dewhirst, 
Paster, Kersters, Falsen, Devriese, Bisgaard, Hinz and Man- 
nheim 1994b, 35%. 


Further descriptive information 


The genus Ornithobacterium is a member of the family Flavobac- 
leriaceae and represents a distinct line of descent within this 
family. Related bacteria are the bird pathogens Riemerella ana- 
lipestifer and Coenonia anatina (Vandamme et al., 1994a). The 
family includes Flavobacterium, the type genus, and the genera 
Bergeyella, Capnocytophaga, | Chryseobacterium, | Ornithobacterium, 
Riemerella, and Weeksella (Bernardet et al., 2002). 


Morphology and physiology. Growth in broth media reveals 
more cellular pleomorphism than growth on agar surfaces. In 
addition, cells have a more variable length (0.6-5 pm). 

Most strains grow aerobically, microaerobically, anaerobi- 
cally, and in a CO,-enriched atmosphere. Growth occurs at 
30, 35, and 42°C; weak or no growth occurs at 24°C. Strains 
produce convex, circular, and grayish white to yellowish colo- 
nies, with an entire edge and smooth surface on blood agar. 
Colonial adherence, spreading, or corrosion is not observed. 
No hemolysis occurs on blood agar. Smooth, nonpigmented 
colonies develop within 2 d of incubation on rich peptone, 
peptone-blood, or chocolate agar at 36°C. No growth occurs on 
MacConkey agar, Endo agar, Drigalski agar, or Simmons’ citrate 
medium. No growth factors are required. 


Ornithobacterium is oxidase-positive; however, Ryll et al. (2002) 
were able to isolate and identify an oxidase-negative strain of 
Ornithobacterium rhinotracheale from turkey flocks in Germany. 
Alkaline phosphatase activity is present. Urease production may 
test positive either on Lautrop’s non-proliferative test or after a 
prolonged incubation time (up to 7 d) and may yield variable 
results in both Christensen urea agar slants and urea broth. 
Nitrates are not reduced; some strains reduce nitrites, but no 
denitrification occurs. Arginine dihydrolase is usually present if 
strains are grown in Móller's medium (Difco) within 3 d of incu- 
bation at 36°C. Lysine and ornithine decarboxylases, phenyla- 
lanine deaminase, lecithinase, DNase, and gelatinase activities 
are absent. Hydrogen sulfide is not detected in Kligler’s agar, 
triple-sugar iron agar, or SIM agar. Esculin is not hydrolyzed. 
Acetylmethylcarbinol is produced in the Voges—Proskauer test. 
The methyl red test is negative. Hyaluronidase and chondroitin 
sulfatase activities are present. 

Ethanol is not oxidized. D-Glucose in OF medium is either 
weak and slowly oxidized or not detected. Most strains use 
D-galactose, D-glucose, D-mannose, lactose, and sucrose as car- 
bon sources. D-Xylose, D-mannitol, p-sorbitol, and malonate are 
usually not used as carbon sources. In general, carbohydrates 
are better catabolized in media supplemented with 2% chicken 
serum. Wheat starch is acidified by most strains within 1-5 d of 
incubation at 36°C. 

Due to the variable ability of Ornithobacterium rhinotracheale 
strains to grow in the liquid media that are normally used for 
identification purposes, the biochemical reactions of Ornithobac- 
terium rhinotracheale may appear inconsistent. However, under 
optimal conditions, the biochemical properties of the organism 
are fairly constant. 


Ecology and pathogenicity. Infection with Ornithobacterium 
rhinotracheale has been recognized in many countries world- 
wide and incriminated as a possible additional causative agent 
in respiratory disease complexes in poultry (Allymehr, 2006; 
Arns et al., 1998; Back et al., 19982; Canal et al., 2005; Charlton 
et al., 1993; Dudouyt et al., 1995; El-Gohary, 1998; El-Sukhon 
et al., 2002; Hafez et al., 1993; Hafez and Friedrich, 1998; Hinz 
et al., 1994; Koga and Zavaleta, 2005; Naeem et al., 2003; Sakai 
et al., 2000; Soriano et al., 2002; Tanyi et al., 1995; Travers et al., 
1996; Turan and Ak, 2002; van Beek et al., 1994; J. DuPreez, 
personal communication). Retrospective examination of 


GENUS XXXIX. ORNITHOBACTERIUM 


culture collections has revealed that Ornithobacterium rhinotra- 
cheale had already been isolated from turkeys in 1981 and from 
rooks in 1983 in Germany. Also, examination of bacterial isolates 
collected before 1990 from chickens, partridge, and turkeys in 
the United Kingdom, Israel, Belgium, and France confirmed 
that they were strains of Ornithobacterium rhinotracheale (Hinz 
and Hafez, 1997; Vandamme et al., 1994b). 


Typing. Although several investigators have described 
microbiological isolation and identification of Ornithobacterium 
rhinotracheale, there are few reports using molecular typing 
techniques. Amonsin et al. (1997) characterized 55 Ornitho- 
bacterium rhinotracheale isolates from eight countries of four 
continents by multilocus enzyme electrophoresis (MLEE), 
repetitive sequence based-PCR (rep-PCR), and 16S rRNA gene 
sequencing. Using MLEE, the Ornithobacterium rhinotracheale 
isolates could be discriminated into six electrophoretic types 
(ETs), of which only three were recovered from domesticated 
poultry. A total of 50 of the 55 isolates (90.9%) examined were 
assigned to one of two closely related clones (ET 1 and ET 2) 
that comprise the ET 1 complex. Furthermore, the data sug- 
gested a geographic component to the variation typical of a 
clonal population structure. In addition, the results suggested 
host specificity among clones of Ornithobacteriwm rhinotracheale. 
Virtually all the Ornithobacterium rhinotrachealeisolates recovered 
from domesticated poultry were assigned to the ET 1 complex, 
whereas only a single non-ET 1 complex isolate was recovered 
from domesticated poultry populations. In contrast, none of 
the four isolates from rooks or guinea fowl were assigned to the 
common ET 1 complex. Moreover, the clustering obtained by 
analysis of rep-PCR banding patterns predicted that Ornithobac- 
terium rhinotracheale clones infecting passeriform birds (rooks) 
are genetically distinct from clones infecting galliform birds 
(chickens, turkeys, and guinea fowl). 

In another study, Leroy-Setrin et al. (1998) compared 23 
strains of Ornithobacterium rhinotracheale which were isolated in 
France between 1994 and 1995 from 17 geographical regions 
using plasmid profiles, ribotyping, and random amplified 
polymorphic DNA (RAPD) analysis. All isolates were poorly 
discriminated by ribotyping although different enzymes were 
used. The RAPD method gave a good level of discrimination 
and demonstrated the genetic diversity of the Ornithobacterium 
rhinotracheale strains isolated among several species in France. 

An endogenous plasmid has been reported in one strain of 
Ornithobacterium rhinotracheale (Back et al., 1997, cited by Jansen 
et al., 2004). Jansen et al. (2004) too were able to detect the 
plasmid pORI in only two isolates of the numerous Ornitho- 
bacterium rhinotracheale strains that were analyzed. These two 
isolates might have represented the same strain, since both iso- 
lates originated from the same geographical region and were 
the rare serotype K. The apparent rare occurrence of pORI 
suggests that the plasmid was introduced into Ornithobacterium 
rhinotracheale on a single recent occasion and has not spread in 
the population. 

Within the species Ornithobacterium rhinotracheale, several sero- 
types seem to exist. Serological typing can be carried out using 
serological examination with known positive antisera in agar gel 
precipitation (AGP), or ELISA. In AGP, monospecific reactions 
can be obtained using heat-extracted antigen. However, some 
cross-reactions have been observed (Hafez and Sting, 1999; van 
Empel et al., 1997). Currently 18 serotypes, designated A to R, 
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seem to exist. Most of the chicken isolates belong to serotype 
A. The turkey isolates are more heterogeneous and belong to 
serotypes A, B, and D. Serotype C could only be isolated from 
chickens and turkeys in South Africa and USA (van Empel and 
Hafez, 1999). 

van Empel et al. (1998) (from van Empel, 1998) character- 
ized 56 isolates belonging to different serotypes, independently 
isolated from bird species from various countries, by amplified 
fragment length polymorphism (AFLP) analysis. They were 
able to group Ornithobacterium rhinotracheale strains into five 
minor or three major clusters that showed some association 
with serotyping. 

Popp and Hafez (2003) investigated several Ornithobacterium 
rhinotracheale isolates from turkeys and chickens originating 
from Germany, Hungary, and Spain by pulsed-field gel electro- 
phoresis (PFGE) of genomic macro-restriction fragments using 
the enzyme Sall. In general, most isolates showed differences 
in DNA fingerprints, although the overall profiles were very 
similar and a correlation between geographic origin, serotype, 
and DNA fingerprint pattern was observed. In contrast, Koga 
and Zavaleta (2005) recently investigated 25 Ornithobacterium 
rhinotracheale isolates from broilers, breeders, and layers from 
several geographic zones of Peru using PCR and rep-PCR tech- 
niques. All 25 isolates tested had a genetic profile similar to 
that of the Ornithobacterium rhinotracheale type strain, which was 
isolated from a turkey in the UK. 

Finally, typing of Ornithobacterium | rhinotracheale isolates 
has also been performed using the primers M13 (5'-TATG- 
TAAAACGACGGCCAGT-9') and ERIC 1R (5-ATGTAAGCTC- 
CTGGGGATTCAC-3’); variations were found between all tested 
serotypes (Hafez and Beyer, 1997; Hung and Alvarado, 2001). 


Hemagglutination. Fitzgerald et al. (1998) tested 25 Orni- 
thobacterium rhinotracheale isolates for their ability to hemaggluti- 
nate chicken red blood cells. Ten of the 25 isolates, which were 
sensitive to fosfomycin (MIC values below 128 pg/ml), were able 
to agglutinate red blood cells. The remaining 15 isolates were 
resistant to fosfomycin (MIC values above 128 pg/ml). Only five 
of these isolates had the ability to agglutinate red blood cells. 
The ability of certain isolates of Ornithobacterium rhinotracheale 
to agglutinate red blood cells raises the issue of differences in 
virulence. The ability to agglutinate red blood cells could be 
used as an alternative method for serotyping Ornithobacterium 
rhinotracheale. Similar results were obtained by testing some iso- 
lates from Mexico by Soriano et al. (2002). They found that all 
isolates tested showed hemagglutination activity with glutaral- 
dehyde-fixed erythrocytes. 


Antimicrobial susceptibility. Most published reports on anti- 
microbial susceptibility are based on disc diffusion tests and are 
difficult to compare. Using this method, all tested Ornithobacte- 
rium rhinotracheale isolates from Germany showed high suscep- 
tibility to amoxycillin, chloramphenicol, and chlortetracycline. 
Of these isolates, 90 and 36% were susceptible to erythromycin 
and furazolidone, respectively. In addition, only 6% of tested 
isolates were susceptible to enrofloxacin. None of isolates were 
susceptible to apramycin, neomycin, gentamicin, or sulfon- 
amide/trimethoprim (Hafez et al., 1993), or to lincospectin/ 
spectinomycin, cortimoxazal (sulfonamide) or lincospectin. 
The susceptibility to enrofloxacin seems to be location-related, 
since most turkey isolates from Germany and the Netherlands 
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are resistant, whereas 98% of isolates from France (Dudouyt 
et al., 1995) and 71% of isolates from Belgium (Devriese et al., 
1995) are susceptible to enrofloxacin. 

Nagaraja et al. (1998) reported on the antimicrobial suscep- 
tibility of Ornithobacterium rhinotracheale isolates from the USA. 
All tested isolates were susceptible to tylosin, ampicillin, penicil- 
lin, erythromycin, and spectinomycin. Of 68 samples, 54 were 
susceptible to tetracycline, neomycin, and sarafloxacin and a 
small number of isolates were susceptible to streptomycin, sulfa- 
trimethoprim, and gentamicin. These isolates differed signifi- 
cantly from German isolates in their pattern of susceptibility 
for at least two antibiotics, erythromycin and sarafloxacin. In 
Canada, Ornithobacterium rhinotracheale could be isolated from 
enrofloxacin-treated birds in mono-cultures (Joubert et al., 
1999). van Veen et al. (2001) tested Ornithobacterium rhinotrache- 
ale isolates collected in the Netherlands between 1996 and 1999 
in the agar gel diffusion test for their sensitivity to amoxycil- 
lin, tetracycline, enrofloxacin, and trimethoprim/sulfonamide. 
The percentages of strains susceptible to amoxycillin and tetra- 
cycline decreased in successive years from approximately 62 to 
14% and four strains were resistant to enrofloxacin or sulfon- 
amide/trimethoprim. Twelve multiresistant strains were tested 
against seven alternative antibiotics; they were resistant to all 
antibiotics tested except clavulanic acid-potentiated amoxycil- 
lin. Varga et al. (2001) examined Ornithobacterium rhinotracheale 
isolates from Hungary using MIC determinations. Among the 
16 drugs examined, penicillin G, ampicillin, ceftazidim (MICs 
from <0.06 to 0.12 pg/ml), erythromycin, tylosin, tilmicosin 
(with some exceptions, MICs were from <0.06 to 1 pg/ml) 
and tiamulin (MICs from <0.06 to 2 pg/ml) were the most 
effective. Lincomycin, oxytetracycline, and enrofloxacin also 
gave good inhibition, but at a higher concentration with most 
strains (MICs ranged in most cases from 2 to 8 pg/ml). The 
other antibiotics inhibited the growth of Ornithobacterium rhi- 
notracheale only in very high concentrations (colistin) or not at 
all (apramycin, spectinomycin, polymyxin B). Popp and Hafez 
(2002) investigated the susceptibility profiles of Ornithobacte- 
rium rhinotracheale isolates from several countries using the MIC 
method. The obtained results showed that 84-88% of the iso- 
lates were susceptible to amoxycillin, cetiofur, and tiamulin. Of 
the isolates, 45% were susceptible to chlortetracycline and 30% 
to tetracycline and penicillin, whereas 25% were susceptible to 
tiamulin. In addition, only 6-12% of tested isolates were suscep- 
tible to enrofloxacin. 

Malik et al. (2003) examined in vitro antibiotic resistance 
profiles of 125 isolates of Ornithobacterium rhinotracheale strains 
isolated from turkeys in Minnesota in 1996-2002. The majority 
of isolates were sensitive to clindamycin, erythromycin, spectin- 
omycin, and ampicillin. Resistance against sulfachloropyridiaz- 
ine decreased from 1996 to 2002, but an increase in resistance 
was seen against gentamicin, ampicillin, sulfa-trimethoprim, 
and tetracycline. The resistance against penicillin remained 
constant from year to year. Soriano et al. (2003) determined 
the MIC of ten antimicrobial drugs for Mexican isolates and 
found a marked resistance trend. The susceptibility of Ornitho- 
bacterium rhinotracheale to amoxycillin, enrofloxacin, and oxytet- 
racycline was variable. However, consistently higher MIC values 
were obtained for gentamicin, fosfomycin, trimethoprim, sul- 
famethazine, sulfamerazine, sulfaquinoxaline, and sulfachloro- 
pyridazine. 
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Host range. Strains have been isolated from respiratory 
tracts of turkey, chicken, chukar partridge, duck, goose, guinea 
fowl, gull, ostrich, partridge, pheasant, pigeon, quail, and rook, 
mostly associated with infections such as tracheitis, pericarditis, 
sinusitis, airsacculitis, and pneumonia (Charlton et al., 1993; 
Hafez et al., 1993; Leroy-Setrin et al., 1998; van Empel et al., 
1997; Vandamme et al., 1994b). 


Transmission. — Ornithobacterium rhinotracheale is transmitted 
horizontally by direct and indirect contact. Ornithobacterium rhi- 
notracheale infection appears to have become endemic and can 
affect every new restocking even in previously cleaned and dis- 
infected poultry houses, especially in areas with intensive poul- 
try production, as well as in multiple age farms. Such infection 
can occur despite the fact that Ornithobacterium rhinotracheale is 
highly sensitive to different chemical disinfectants and prepa- 
rations based on different organic acids (formic and glyoxyl 
acids) and that preparations containing different aldehydes can 
inactivate Ornithobacterium rhinotracheale in vitro at concentra- 
tions of 0.596 within 15 min (Hafez and Schulze, 2003). Studies 
of the ability of Ornithobacterium rhinotracheale to remain viable 
in poultry litter indicate that Ornithobacterium rhinotracheale can 
survive for 1 d at 37°C, 6 d at 22°C, 40 d at 4°C, and at least 
150 d at -12*C; however, it does not survive for 24 h at 42°C. 
Survival at the lower temperatures may be associated with the 
higher incidence of Ornithobacterium rhinotracheale infection in 
poultry during winter months (Lopes et al., 2002b). Surveil- 
lance of exposure to Ornithobacterium rhinotracheale infection in 
the field has shown that the prevalence of infection is higher 
during winter months. In addition, Amonsin et al. (1997) sug- 
gested that Ornithobacterium rhinotracheale might be introduced 
to domesticated poultry flocks from wild bird populations. 

Vertical transmission is suspected based on some reports of 
the isolation of Ornithobacterium rhinotracheale at a very low inci- 
dence from reproductive organs and hatching eggs, infertile 
eggs, and dead embryos (Back et al., 1998b; El-Gohary, 1998; 
Tanyi et al., 1995). This might be the reason for the worldwide 
prevalence of the disease (Tanyi et al., 1995). On the other 
hand, Varga et al. (2001) found that Ornithobacterium rhinotra- 
cheale did not survive on eggshell at 37°C for more than 24 h, 
whereas upon inoculation into embryonated chicken eggs, 
it killed embryos by the 9th day and, from the 14th day post- 
inoculation, no Ornithobacterium rhinotracheale could be cultured 
from the eggs at all. This suggested that Ornithobacteriwm rhi- 
notracheale was not transmitted via eggs during hatching. van 
Veen et al. (2004) observed that specific pathogen-free broiler 
chickens that were placed in hatching incubators at a com- 
mercial turkey hatchery during hatch showed respiratory tract 
lesions at post-mortem examination that were positive for Orni- 
thobacterium rhinotracheale by bacteriological and immunohisto- 
logical examination. 

Pathogenicity. The severity of clinical signs, duration of the 
disease, and mortality are extremely variable and are influenced 
by many environmental factors such as poor management, 
inadequate ventilation, high stocking density, poor litter condi- 
tions, poor hygiene, high ammonia level, concurrent diseases, 
and the type of secondary infection. Further information con- 
cerning the clinical aspects of Ornithobacterium infections can be 
found in the following references: DeRosa et al., 1997; Droual 
and Chin, 1997; Hafez, 1998, 2002; Heeder et al., 2001; Hafez 
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et al., 1993; Jirjis et al., 2004; Marien et al., 2005; Odor et al., 
1997; Ryll et al., 1996; Sprenger et al., 1998; Szalay et al., 2002; 
Travers, 1996; van Beek et al., 1994; Vandekerchove et al., 2004; 
van Empel et al., 1996; van Empel and Hafez, 1999; Van Loock 
et al., 2005; van Veen et al., 2000b; Zorman-Rojs et al., 2000. 

Determination of pathogenicity by the embryo lethality 
test has been done by Hafez and Popp (2003) using specific 
pathogen-free hatching eggs as described for Escherichia coli by 
Wooley et al. (2000). 

Several attempts to combat infection by using vaccines have 
been carried out with various results (Bisschop et al., 2004; 
Bock et al., 1997; Cauwerts et al., 2002; Hafez and Sting, 1999; 
Lopes et al., 2002a; Schuijffel et al., 2005, 2006; van Empel and 
van den Bosch, 1998). 


Isolation and detection procedures 


Isolation. Samples for bacterial culture should be collected in 
the early stages of the disease. Ornithobacterium rhinotrache- 
ale can usually be isolated from trachea, tracheal swabs, lungs, 
and air sacs. Culture of heart, blood, and liver tissue under 
field conditions has yielded negative results. However, the bac- 
teria could be isolated from these organs, as well as from joints, 
brains, ovary, and oviduct, after experimental infections. Pri- 
mary isolation and initial in vitro growth should be performed 
on 5-10% sheep blood agar plates incubated under microaero- 
bic conditions at 37°C for 24-48 h. These conditions provide 
the highest isolation rates and optimal growth. After several 
subcultivations, some strains may be adapted to grow under 
aerobic conditions, although growth is always significantly 
better under microaerobic conditions (van Empel and Hafez, 
1999). 


Serological detection of Ornithobacterium. Serological exam- 
ination can be carried out using ELISA tests or other methods. 
The following references should be consulted for details: Bock 
et al. (1997), Back et al. (1998b), Erganis et al. (2002), Hafez 
and Sting (1996), Hafez et al. (2000), Lopes et al. (2000), and 
van Empel et al. (1996, 1997). The advantage of serological 
tests over bacteriological examination is that antibodies persist 
for several weeks after infection, whereas bacterial shedding is 
briefer. However, Ornithobacterium rhinotracheale excretion and 
antibody response may also be affected by a number of factors 
such as antibiotic therapy and vaccination. The influence of 
antibiotic therapy on the serological response to Ornithobac- 
terium rhinotracheale remains unclear. Popp and Hafez (2002) 
investigated the effect of drug therapy using amoxycillin on 
antibody kinetics after experimental infection. The results 
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showed that the immediate treatment did not influence the 
antibody response, whereas the treatment that started at the 
seventh day postinfection resulted in lower antibody response 
compared to infected controls. 


Other detection methods. In field trials using a sensitive 
immunohistochemical staining method, Ornithobacterium rhinotra- 
cheale was the cause of 7096 of the cases of respiratory symptoms 
in broiler chickens, whereas through bacteriology and/or serol- 
ogy only 3046 of the cases could be connected to Ornithobacterium 
rhinotracheale (van Empel et al., 1999; van Veen et al., 2000a). 

Finally, molecular detection of Ornithobacterium rhinotrache- 
ale infection can be performed through a specific PCR using 
the primer combination ORI6S-F1 (5-"GAGAATTAATTTACG- 
GATTAAG) and ORI6S-RI (5-TTCGCTTGGTCTCCGAA- 
GAT). This combination amplifies a 784 bp fragment on the 
16S rRNA gene of Ornithobacterium rhinotracheale, but not that 
of other closely related bacteria with which Ornithobacterium 
rhinotracheale can be confused (Hung and Alvarado, 2001; van 
Empel et al., 1998). 


Maintenance procedures 


Cultures may be stored for many years by lyophilization, freez- 
ing at -80*C, or in liquid nitrogen. Cryoprotective agents such 
as 10% glycerol or dimethylsulfoxide should be added to cul- 
tures before freezing. After a storage period of 6 weeks at 6-8^C, 
blood agar cultures are subcultivable on blood agar. 


Differentiation of the genus Ornithobacterium and other 
bird pathogens of the family Flavobacteriaceae 


Ornithobacterium rhinotracheale, like its phylogenetic neighbors 
Riemerella columbina and Coenonia anatina, was initially recog- 
nized during the course of long-term studies on the etiology of 
respiratory tract infections in birds as phenotypically unusual 
isolates. Table 60 lists the differential diagnostic characteris- 
tics that can be used to distinguish Ornithobacterium rhinotrache- 
ale from other bird pathogens of the family Flavobacteriaceae, 
namely, Riemerella anatipestifer, Riemerella columbina, Coenonia 
anatina, and Chryseobacterium meningosepticum. Species differen- 
tiation can also be achieved through whole-cell protein elec- 
trophoresis and whole-cell fatty acid analyses (Segers et al., 
1993a; Vancanneyt et al., 1999; Vandamme et al., 1994b, 1999). 
Analysis of the outer-membrane-proteins of 56 Ornithobacterium 
rhinotracheale strains from various countries and belonging to 
different serotypes confirmed the high protein electrophoretic 
homogeneity within this species (van Empel et al., 1998). 


List of species of the genus Ornithobacterium 


1. Ornithobacterium rhinotracheale Vandamme, Segers, Vancan- 
neyt, Van Hove, Mutters, Hommez, Dewhirst, Paster, Kersters, 
Falsen, Devriese, Bisgaard, Hinz and Mannheim 1994b, 35‘? 


rhi.no.tra.che.a'le. Gr. n. rhis rhinos nose, nostril; L. n. trachia 
windpipe; L. neut. adj. suff. -ale pertaining to; N.L. neut. adj. 
rhinotracheale relating to the nostrils and windpipe, because 
the organism was first isolated there. 


The description is as given for the genus, with the follow- 
ing additional information. The following enzyme activities 


are always present: alkaline and acid phosphatase, ester lipase 
C8, leucine arylamidase, phosphoamidase, o-glucosidase, 
P-glucosaminidase, phosphodiesterase, alanine arylamidase, 
glycine arylamidase, lysine arylamidase, proline arylamidase, 
a-glutamyl- o-glutamic acid arylamidase, glycyl-phenylalanine 
arylamidase, phenylalanyl-arginine arylamidase, prolyl-argin- 
ine arylamidase, seryl-methionine arylamidase, 2-glycyl-glycyl- 
arginine arylamidase, and alanyl-phenylalanyl-prolyl-alanine 
arylamidase. All strains exhibit strong or weak a- and f-galac- 
tosidase, esterase C4, valine and cysteine arylamidase, and 
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TABLE 60. Main differential characteristics of Ornithobacterium rhinotracheale and other bird pathogens of the family Flavobacteriaceaé 


E: 
E Eg š $ 
s = 3 = ES 
S * S E E = E 
T F : Pi E 
Characteristic Š $ Os S es zE 
Aerobic growth on blood agar - + - + + 
Growth on MacConkey agar - + = =: - 
Colony pigmentation - + - = + 
Catalase = + "n + + 
Urease d ES d d 
Indole production - d = d - 
Esculin hydrolysis (f-p-glucosidase)^ - 4 = + 
Gelatinase - + = fs J 
Hyaluronidase* + nd + _ _ 
B-p-Galactosidase” + = + = = 
a-D-Glucosidase? + + + + 
N-Acetyl-p-glucosaminidase* + - + = = 
a-L-Fucosidase? = _ + _ _ 
Utilization of carbon sources for growth? - + - i - 
Host spectrum Birds Humans and birds — Anatine birds Birds and pigs Pigeon 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; nd, not determined. 


PAPI 20NE test results. 
“Identical to the chondroitin sulfatase test results. 


*API ZYM test results. 


trypsin activities. The following activities are always absent: 
P-glucuronidase, B-glucosidase, a-mannosidase, a-fucosidase, 
lipase C14, phenylalanine deaminase, hippurate hydrolysis, 
y-glutamyl arylamidase, and phospholipase. No acid is pro- 
duced from p-glucosaminic acid, p-saccharic acid, L-fucose, 
p-mannitol, p-sorbitol, trehalose, or D-xylose. Lyxose, ribose, 
glucose, galactose, and mannose are the principal carbohy- 
drate components in whole-cell extracts; altrose, sorbose, 
and heptose do not occur. The branched fatty acids C., iso, 
Czo iso 3-OH, and C, iso 3-OH are the major fatty acid 
components. Additional fatty acids present in small quanti- 
ties in all strains are two unidentified fatty acids with equiva- 


lent chain-length values of 13.566 and 16.580, C,,.,, 
and Cs iso 3-OH. 

Source: the type strain was isolated from a turkey in the 
UK. 

DNA G+C content (mol96): 37-39 (T). 

Type strain: ATCC 51463, CCUG 23171, CIP 104009, LMG 
9086, MCCM 01774. 

Sequence accession nos (16S rRNA gene): L19156 and U87101 
(type strain). The accession numbers of additional reference 
strains included in a polyphasic taxonomic study (Vandamme 
et al., 1994b) are U87102 (LMG 11553), U87103 (LMG 
15870), U87104 (LMG 11554), and U87105 (LMG 14578). 


C,;, iso, 


Genus XL. Persicivirga O'Sullivan, Rinna, Humphreys, Weightman and Fry 2006, 177"? 


THE EpiroRIAL BoARD 


Per.si.ci.vir'ga. L. neut. n. persicum peach; L. fem. n. virga rod; N.L. fem. n. Persicivirga peach-colored rod. 


Irregularly straight to curved rods, 0.5-0.6 x 2.2—7.5 pm. No 
visible flagella. No gliding motility. Gram-stain-negative. Growth 
occurs at 4—20°C; no growth occurs at 30°C. Colonies are peach- 
orange colored. Flexirubin pigments are present. Strictly aero- 
bic. Oxidase- and catalase-negative. Growth requires Na*ions or 
natural seawater. Nitrate is not reduced. Do not utilize carbohy- 
drates for growth. The most abundant fatty acids are saturated 
branched-chain, unsaturated branched-chain and hydroxy fatty 
acids; C,, iso and C,., anteiso are the most abundant individ- 
ual fatty acids. Isolated from coastal seawater. 

DNA G+C content (mol % ): 34.7. 

Type species: Persicivirga xylanidelens O'Sullivan, Rinna, 
Humphreys, Weightman and Fry 2006, 178%". 


Enrichment and isolation procedures 


Coastal seawater samples were serially diluted in aged seawater 
from a circulating marine aquarium that had been filtersterilized 
(0.2 pm pore diameter) after dilution to 36%o salinity with dis- 
tilled water (O’Sullivan et al., 2006). Plating of dilutions was done 
on three different agar media that were made with this sterilized 
seawater: plate count agar (PCA; Oxoid) plus 50 pg/ml kanamy- 
cin; casein-yeast-tryptone (Holmes, 1992); and R2A (Difco). Plates 
were incubated for 10 d at 20°C. Suspected colonies were subcul- 
tured twice and then purified on PCA containing aged seawater. 
Viability can be maintained at 4°C on a low-nutrient medium 
(SAP2 agar; Holmes, 1992). Strains can also be preserved at -80°C 
in SP5 liquid medium (Holmes, 1992) containing 30% glycerol. 


GENUS XLI. POLARIBACTER 


Differentiation of the genus Persicivirga 
from related genera 


Unlike Cellulophaga strains, Persicivirga xylanidelens lacks gliding 
motility, is catalase-negative, does not hydrolyze agar or starch, 
does not grow at 30°C, and does not produce acid from glu- 
cose. In contrast to Salegentibacter strains, Persicivirga xylanidelens 
requires NaCl, but does not grow with 15% NaCl, does not pro- 
duce acid from glucose, does not reduce nitrate, does not grow 
at 30°C, does not hydrolyze esculin or starch, and is catalase- 
and oxidase-negative. Unlike Psychroflexus strains, it is catalase- 
and oxidase-negative, grows at 20°C, does not hydrolyze starch, 
and does not produce acid from glucose. Unlike Gillisia strains, 
Persicivirga xylanidelens is catalase- and oxidase-negative, grows 
at 4°C, and hydrolyzes Tween 80 but not esculin. Persicivirga 
xylanidelens differs from Mesonia strains by failing to grow at 
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30°C, being catalase- and oxidase-negative, and failing to grow 
in the presence of 15% NaCl. 


Taxonomic comments 


O’Sullivan et al. (2006) indicated that, based on 16S rRNA 
gene sequence analyses, the type strain of Persicivirga xylanidel- 
ens was related to members of the large marine Flavobacteriaceae 
branch and formed a low bootstrap grouping with members 
of the genus Cellulophaga. Its position varied according to 
other sequences used in the analysis and, in some trees, it was 
more closely associated with the genera Psychroflexus, Gillisia, 
Mesonia, and Salegentibacter, or formed a separate branch on 
its own. However, the strain exhibited <90% 16S rRNA gene 
sequence similarity to any recognized species within the 
Flavobacteriaceae. 


List of species of the genus Persicivirga 


1. Persicivirga xylanidelens O'Sullivan, Rinna, Humphreys, 
Weightman and Fry 2006, 178V* 
xylan.i.del'ens. N.L. n. xylanum xylan; L. part. adj. delens 
destroying; N.L. part. adj. xylanidelens xylan-destroying. 
Characteristics are as described for the genus, with the fol- 
lowing additional features. Colonies on PCA plus artificial 
seawater for 1 week at 20°C are 1-2 mm in diameter, peach- 
orange, opaque, smooth with an entire edge, and have a 
creamy consistency. Cell mass is orange-pigmented and 
flexirubin pigments are synthesized. Growth occurs at 4 and 
20*C, but not at 30 or 37°C. Growth occurs in the presence 
of 5% NaCl, but not in 10% NaCl. Growth occurs on marine 
agar 2216, but not on tryptone soy agar, nutrient agar, Mac- 
Conkey agar, cetrimide agar, or DNase agar (all containing 


2.5% NaCl). Xylanase activity is present, but urease activity 
is absent. Tween 80 and gelatin are hydrolyzed, but agar, 
arginine, esculin, and starch are not hydrolyzed. Nitrate 
and nitrite are not reduced. Indole is not produced. Acid is 
not produced from glucose. Resistant to chloramphenicol, 
penicillin G, streptomycin, kanamycin, ampicillin, and tet- 
racycline, but sensitive to rifampin. Growth is not detected 
for any substrates included in the API 20NE and Biolog GN2 
commercial arrays. 

Source: the type strain was isolated from coastal sea water, 
Hope Cove, near Plymouth, UK. 

DNA G+C content (mol % ): 34.7 (HPLC). 

Type strain: SW256, DSM 16809, NCIMB 14027. 

Sequence accession no. (16S rRNA gene): AF493688. 


Genus XLI. Polaribacter Gosink, Woese and Staley 1998, 231VP 


James T. STALEY 


Po.lar.i.bac'ter. N.L. adj. polaris pertaining to the geographic poles; N.L. masc. n. bacter from Gr. n. baktron 
rod or staff; N.L. masc. n. Polaribacter rod-shaped bacteria from polar habitats. 


Rods, curved rods, or filaments. Cell size varies between 0.8 
and 48 pm in length and 0.25 and 1.6 pm in diameter depend- 
ing on species, growth medium, temperature, and physiological 
state of the culture. Nonmotile; some cells may have flagella, 
but motility has not been observed. Coccoid bodies often seen 
in ageing cultures. Gas vesicles are produced by some species. 
Gram-stain-negative. Heterotrophic. Aerobic. Psychrophilic or 
mesophilic. Organisms grow well in marine media or media 
that have been supplemented with NaCl. Organisms produce 
acid from a variety of carbohydrates. Starch is hydrolyzed. Cells 
can grow on yeast extract. Colonies produce yellow, orange, 
salmon, or pink non-diffusible pigments that are not flexiru- 
bins. Some strains produce rhodopsin pigments that stimulate 
growth in presence of light. Some strains have been isolated 
from polar marine and sea ice environments and grow at tem- 
peratures of 10°C or lower. All strains have been isolated from 
marine habitats. 

DNA G+C content (mol% ): 30-33. 

Type species: Polaribacter filamentus Gosink, Woese and Staley 
1998, 232%". 


Further descriptive information 


The genus Polaribacter was named because the initial strains of 
this genus that were isolated from polar sea ice communities 
formed a novel clade in the phylum Bacteroidetes based on 16S 
rRNA gene sequence analyses. Similarities were noted between 
the three novel polar species and a previously described spe- 
cies, Flectobacillus glomeratus. Therefore, the phylogenetic, phe- 
notypic, and genotypic properties of this latter species were 
compared to those of members of the new genus Polaribacter 
(Gosink et al., 1998). In particular, DNA-DNA hybridization 
values between Flectobacillus glomeratus and the three polar spe- 
cies of Polaribacter were from 14 to 31%, which is within the 
expected range of values for members of a genus. Based on 
this information, Flectobacillus glomeratus was reclassified as an 
additional member of the genus Polaribacter and renamed Polar- 
ibacter glomeratus. Two novel species have been reported recently 
from marine habitats in temperate zone waters. 

Recent reports indicate that at least some Polaribacter spe- 
cies produce bacterial rhodopsins. These have been shown to 
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stimulate growth in the presence of light (Gómez-Consarnau 
et al., 2007). 


Enrichment, isolation and maintenance 


These bacteria were first isolated from the sea ice microbial 
community using Ordal’s seawater cytophaga (SWCm) agar 
(Irgens et al., 1989) with succinate as a carbon source. How- 
ever, strains also grow well on marine agar 2216 (Difco). The 
organisms are maintained best by freezing cultures in growth 
medium with 15% glycerol at -80*C or in liquid nitrogen. Many 
strains do not survive well using lyophilization. 


Differentiation of the genus Polaribacter 
from related genera 


The closest relatives of members of the genus Polaribacter are 
found in the genus Tenacibaculum. However, Polaribacter species 
differ from Tenacibaculum species by 16S rRNA gene sequence 
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similarities which range, for example, from 92.4-93.196 for 
Tenacibaculum lutimaris (Yoon et al., 2005c). Tenacibaculum spe- 
cies move by gliding motility and in this regard also differ from 
Polaribacter species in which motility has not yet been demon- 
strated. Tenacibaculum maritimum is a fish pathogen that lives in 
association with black and red sea bream. Other members of 
the genus Tenacibaculum have been isolated from various other 
marine environments including pelagic marine habitats, tidal 
flats, macroalgae, sponges, and halibut eggs. 


Differentiation of the species of the genus Polaribacter 


The species can be differentiated on the basis of nutritional 
characteristics including carbon source utilization, growth on 
various media, biochemical properties, and temperature range 
for growth (Table 61). Fatty acid composition differs among 
those strains that have been tested (Table 62). 


List of species of the genus Polaribacter 


1. Polaribacter filamentus Gosink, Woese and Staley 1998, 232V* 


fil.a.men'tus. L. n. filum thread; N.L. masc. adj. filamentus 
threadlike, filamentous. 


Characteristics are as described for the genus and as listed 
in Tables 61 and 62, with the following additional features. 
Colonies are orange- to salmon-colored, circular, flat to con- 
vex, entire, smooth, opaque, and butyrous. Organisms grow 
from 4 to 19°C, but not at 21°C. r-Glutamate and glycerol are 
used as carbon sources. Gelatin is hydrolyzed. Acid is pro- 
duced from pr-rabinose, rhamnose, D-galactose, D-glucose, 
mannose, and glycerol. Principal fatty acids include C... iso 
3-OH (22%), C; iso (22%), and C,., iso , (12%) when 
grown on SWCm agar (Irgens et al., 1989) at 10°C. 

Source: isolated from surface seawater in pack ice, 350 km 
north of Deadhorse, Alaska. 

DNA G+C content (mol% ): 32 + 1 (T,). 

Type strain: 215, ATCC 700397, CIP 106479. 

Sequence accession no. (16S rRNA gene): U73726. 


2. Polaribacter butkevichii Nedashkovskaya, Kim, Lysenko, Kal- 
inovskaya, Mikhailov, Kim and Bae 2006b, 1459"" (Effective 
publication: Nedashkovskaya, Kim, Lysenko, Kalinovskaya, 
Mikhailov, Kim and Bae 2005g, 411.) 


but.ke.vi'chi.i. N.L. gen. masc. n. butkevichii of Butkevich, 
named in honor of V.S. Butkevich, a Russian marine micro- 
biologist. 

Characteristics are as described for the genus and as listed 
in Tables 61 and 62, with the following additional features. 
Colonies are orange, circular, convex, viscous entire, smooth, 
translucent, and butyrous. Sodium ions are required for 
growth. Casein, gelatin, starch, DNA, Tween 40, and Tween 
80 are hydrolyzed. Acid is produced from D-glucose, p-galac- 
tose, p-maltose, DL-xylose, and glycerol. A yellow non-diffus- 
ible pigment is produced. Growth occurs at 4-32*C. 

Source: the type strain was isolated from seawater from 
Amursky Bay, Gulf of Peter the Great, Sea of Japan, Russia. 

DNA G+C content (mol % ): 32.4 (T. ). 

Type strain: KMM 3938, CCUG 48005, KCTC 12100. 

Sequence accession no. (168 rRNA gene): AY189722. 


3. Polaribacter dokdonensis Yoon, Kang and Oh 2006e, 1252Y? 


dok.do.nen'sis. N.L. masc. adj. dokdonensis of or belonging 
to Dokdo, an island of Korea where the type strain was iso- 
lated. 


Characteristics are as described for the genus and as listed 
in Tables 61 and 62, with the following additional features. 
Colonies are orange, circular, convex, and smooth. Opti- 
mal growth occurs at 25-28*C. NaCl is required for growth. 
Tweens 20, 40, 60, and 80 are hydrolyzed, but casein, xan- 
thine, and r-tyrosine are not. Rhodopsin pigments are pro- 
duced. 

Source: the type strain was isolated from seawater off 
Dokdo in the East Sea of Korea (also known as the Sea of 
Japan). 

DNA G+C content (mol96): 30 (HPLC). 

Type strain: DSW-5, DSM 17204, KCTC 12392. 

Sequence accession no. (16S rRNA gene): DQ004686. 


4. Polaribacter franzmannii Gosink, Woese and Staley 1998, 
233V? 


franz.man'ni.i. N.L. gen. masc. n. franzmannii of Franzmann, 
named in honor of Peter D. Franzmann, an Australian micro- 
biologist and polar researcher. 

Characteristics are as described for the genus and as listed 
in Tables 61 and 62, with the following additional features. 
Colonies are orange, circular, flat to convex, entire, smooth, 
opaque, and viscous. Cells can grow on glycerol and Macetyl- 
glucosamine. Acid is produced from D-fructose, D-galactose, 
D-glucose, mannose, lactose, maltose, sucrose, and trehalose. 
Esculin and gelatin are hydrolyzed. Cells can grow at tem- 
peratures of «4 to 10°C, but not at 15°C. Principal fatty acids 
include C,, iso 3-OH (1796), C,,., iso G (11%), and 9% each 
of C,., iso, C,,, 6c, and C,,, w7¢ when grown on SWCm 
agar (Irgens et al., 1989) at 10°C. 

Source: isolated from fast sea ice in McMurdo Sound, Ant- 
arctica. 

DNA G+C content (mol % ): 32 € 1 (T). 

Type strain: 301, ATCC 700399, CIP 106480. 

Sequence accession no. (16S rRNA gene): U14586. 


GENUS XLI. POLARIBACTER 257 


TABLE 61. Nutritional, physiological, and genotypic properties of Polaribacter species*” 


` Š 
E E 
ux S 
Characteristic M R 
Cell morphology Filamentous Rods 
Cell diameter (um) 0.5-1.2 0.4—0.6 
Cell length (pm) 1.6-32 0.6-2.0 
Coil formation - t 
Coccoid cells in ageing cultures + = 
Motility = = 
Gas vesicles + _ 
Utilization as a carbon source: 
Yeast extract + + 
Casamino acids + + 
pL-Malate + 
Sucrose - + 
1-Glutamate + + 
Succinate - + 
Glycerol + + 
N-Acetylglucosamine - - 
Growth on various solid media: 
Nutrient agar + 2.5% NaCl + na 
Trypticase soy agar s * 
Marine agar 2216 (Difco) + < 
Modified seawater cytophaga medium # na 
Acid production from: 
DL-Arabinose + - 
D-Ribose ng na 
D-Xylose = + 
1-Rhamnose + na 
D-Fructose - na 
p-Glucose, D-mannose + + 
Macromolecule hydrolysis: 
Esculin + na 
Starch w + 
Gelatin w + 
Biochemical tests: 
Urease - - 
p-Galactosidase - + 
Oxidase _ + 
Catalase + w 
Nitrate reduction _ _ 
Growth at: 
4°C, 10°C + na 
15°C + na 
19°C w na 
21°C - + 
25°C - + 
Absorbance wavelength 451, 475, 506 na 
of ethanolic extracts (nm) 
DNA G+C content (mol%) 3241 32.4 


X S š š 
3 à š - 
RI RI ion R 
Rods Irregular rods Curved rods Filamentous 
0.4—0.6 0.8-1.6 0.4—0.6 0.25-0.5 
0.8-5.0 4-16 0.6-2.0 0.8-48 

= E n E 
* * = + 
- + _ + 
na + + + 
x: * * * 
- * 
= = + E 
m + E 
na ú - - 
= + E = 
na + - - 
- * 

na * * + 
na + + + 
na ng = = 
š ng ai - 
= ng + ng 
+ + B ng 
na + #° + 
= + = 
+ w + w 
- $ + - 
na = - - 
na * x: 
na * * w 
na + w + 
na = + - 
* * * * 
* = + = 
+ B * = 
+ = + = 
+ - - 

448—449, 472 451, 506 451, 476, 505 450, 475, 506 

30 3221 33.2 91 


“Symbols: +, >85% positive; —, 0-15% positive; w, weak positive reaction; na, not available; ng, no growth. 
"Data from Gosink et al. (1998); Larkin and Borrall (1984); McGuire et al. (1987); Irgens et al. (1989); Nedashkovskaya et al. (2005g); Yoon et al. (2006e). 


‘Differs among various studies. 


5. Polaribacter glomeratus (McGuire, Franzmann and 
McMeekin 1988) Gosink, Woese and Staley 1998, 233%? (Flec- 
tobacillus glomeratus McGuire, Franzmann and McMeekin 
1988, 136) 


glo.mer.a'tus. L. masc. part. adj. glomeratus (from L. v. glomerare 
to form into ball, glomerate), formed into a ball, glomerated. 


Characteristics are as described for the genus and as 
listed in Tables 61 and 62, with the following additional fea- 
tures. Colonies are yellow or tan, circular, convex, entire, 
smooth, opaque, and butyrous. Grows on sucrose and 
L-glutamate. Acid is produced from rhamnose, D-galactose, 
D-glucose, mannose, maltose, sucrose, and dextrin. Gelatin 
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TABLE 62. Fatty acid composition (%) of type strains of selected 
Polaribacter species*” 


s 3 @ & 

š š š š E 

Š £ 3 š E 

= & E Š A 
Fatty acid x x x x x 
13:0 iso 5 16 5 5 2 
14:0 iso nd 8 1 nd nd 
15:1 iso G 12 nd 15 11 6 
15:1 iso I/H/13:0 3-OH 6 nd nd nd nd 
15:0 nd 8 2 nd nd 
15:0 iso 22 13 17 9 12 
15:0 anteiso 6 nd nd 4 6 
15:1 w6c 9 nd 5 9 3 
16:1 o7c 4 nd 7 9 2 
15:0 iso 3-OH 22 12 14 17 38 
15:0 3-OH 2 7 4 7 10 
15:0 A6 nd 8 nd nd nd 


Growth conditions varied among strains; fatty acid values less than 1% are not 
reported. 


"nd, Not detected. 


is hydrolyzed. Nitrate is reduced to nitrite. Positive for oxi- 
dase and weakly positive for catalase. Cells can grow at tem- 
peratures of <4 to 21°C. Phylogenetic analyses based on 16S 
rRNA gene sequences show that this species is a member of 
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the genus Polaribacter and is very distantly related to Flecto- 
bacillus major, the type species of Flectobacillus, the genus to 
which the bacterium was originally ascribed. 

Source: Antarctic marine environments. 

DNA G«C content (mol % ): 33-33.2 (T^). 

Type strain: ACAM 171, ATCC 43844, CIP 103112, LMG 
13858, UOM 3055. 

Sequence accession no. (16S rRNA gene): M58775. 


6. Polaribacter irgensii Gosink, Woese and Staley 1998, 233V* 


irgen'si.i. L. gen. masc. n. irgensii of Irgens, named in honor 
of Roar L. Irgens, the first microbiologist to observe polar 
marine gas vacuolate bacteria. 


Characteristics are as described for the genus and as listed in 
Tables 61 and 62, with the following additional features. Colo- 
nies are orange, circular, convex, entire, smooth, translucent, 
and butyrous. Rhodopsin has been reported in this species. 
The type strain can grow on pr-malate. Acid is produced from 
a number of carbohydrates including D-galactose, D-glucose, 
mannose, and glycerol. Growth occurs from at least as low as 
-1.5 to 12°C (Irgens et al., 1989). Principal fatty acids include 
C... iso 3-OH (38%), C,., iso (12%), and C,,, 3-OH (10%) 
when grown on SWCm agar (Irgens et al., 1989) at 10°C. 

Source: isolated from seawater near the pack ice edge in 
Penola Strait, Palmer Peninsula, Antarctica. 

DNA G+C content (mol % ): 31 (T). 

Type strain: 23-P, ATCC 700398, CIP 106478. 

Sequence accession no. (16S rRNA gene): M61002. 


Genus XLII. Psychroflexus Bowman, McCammon, Lewis, Skerratt, Brown, Nichols and McMeekin 1999, 2vP 
(Effective publication: Bowman, McCammon, Lewis, Skerratt, Brown, Nichols and McMeekin 1998, 1606.) 


JoHN P. Bowman 


Psy.chro.flex’us. Gr. adj. psychros cold; L. masc. n. flexus bend, curve; N.L. masc. n. Psychroflexus cold 


bend. 


Cells are straight or slightly curved rods, 0.4-1.5 x 0.5-3 pm. 
One species forms partially coiled filaments up to 50 pm in 
length in liquid media, whereas on solid surfaces the filaments 
formed are of indeterminant length. Coccoid-like cells are 
formed in old cultures. Cells occur singly or in pairs. Spores 
and resting cells are not present. Gas vesicles and helical or 
ring-shaped cells are not formed. Nonmotile or motile by glid- 
ing. Gram-stain-negative. Strictly aerobic, having an oxidative 
type of metabolism. Catalase-positive. Oxidase-positive. Chemo- 
heterotrophic. Non-agarolytic. Colonies are bright orange due 
to production of carotenoids, including f-carotene. Flexirubin 
pigments are not produced. Produce alkaline phosphatase, 
a-glucosidase, p-glucosidase, and o-amylase. Strains usually 
require Na* for growth. Strains are stenohaline or halotolerant. 
Stenohaline species grow over a narrow range of seawater salin- 
ity. Moderate halophiles grow best with elevated NaCl concen- 
trations (optimal levels 5-1096). Yeast extract may be required 
for growth by some strains. Species range from psychrophilic 
to mesophilic in terms of the response of their growth rates 
to temperature. Neutrophilic, with optimal growth occurring 
at pH 7.0-7.5. The major fatty acids are C,, , ©10c anteiso, C; 
anteiso, Ciso iso, Ciso 3-OH iso, and C,,, 3-OH iso anteiso. 
One species produces polyunsaturated fatty acids. The major 
respiratory quinone is menaquinone-6. The major polyamine is 


homospermidine. Habitats, depending on the species, include 
polar sea-ice algal assemblages or hypersaline lakes. 

DNA G+C content (mol % ): 33-36. 

Type species: Psychroflexus torquis Bowman, McCammon, 
Lewis, Skerratt, Brown, Nichols and McMeekin 1999, 1°” (Effec- 
tive publication: Bowman, McCammon, Lewis, Skerratt, Brown, 
Nichols and McMeekin 1998, 1607.). 


Further descriptive information 


The genus Psychroflexus is a member of the family Flavobacteri- 
aceae and comprises three species, Psychroflexus torquis, Psychro- 
flexus gondwanensis, and Psychroflexus tropicus, which exhibit evi- 
dence of considerable econiche specialization. 

Psychroflexus torquis includes rod-like to filamentous cells that 
are capable of gliding motility and have an absolute require- 
ment for seawater and an associated stenohaline growth pat- 
tern. The species is slow-growing (doubling time 20-24 h at 
10°C) and highly psychrophilic. In liquid media, partly coiled 
filaments are observed frequently (Bowman et al., 1998). On 
agar media, Psychroflexus torquis tends to form thin, filamentous 
cells that are often hundreds of micrometers long. 

All Psychroflexus species produce catalase, cytochrome c oxi- 
dase, alkaline phosphatase, o-glucosidase, B-glucosidase, and 
acid from mannose. All produce o-amylases. Properties known 
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to be absent from Psychroflexus species include: hydrolysis of 
casein, agar, chitin, uric acid, and xanthine; nitrate reduction; 
production of H,S (from L-cysteine and thiosulfate); and lysine 
decarboxylase, ornithine decarboxylase, arginine dihydrolase, 
tryptophan deaminase, phenylalanine deaminase, o-arabinosi- 
dase, a-fucosidase, o-galactosidase, B-galactosidase, 6-phospho- 
B-galactosidase, B-glucuronidase, and o-mannosidase activities. 

Other traits differentiating the species are shown in Table 
63. 

Psychroflexus species form homospermidine and menaqui- 
none-6 as the major polyamine and quinone, respectively 
(Hamana and Nakagawa, 2001). In addition, Psychroflexus 
torquis accumulates high levels of 2-phenylethylamine (Hosoya 
and Hamana, 2004). The major fatty acids amongst Psychroflexus 
species are branched-chain fatty acids with chain lengths of 15 
or 16 carbon atoms (Table 64). 

A draft genome sequence is available for the type strain of 
Psychroflexus torquis ATCC 700755". This strain contains a single 
genome of 4.29 Mbp, contains no extrachromosomal DNA, and 
has an overall G+C content of 35 mol%. A total of 3862 pre- 
dicted open reading frames is present. The genome includes 
three rrna operons (coding rRNA subunit genes) and 38 tRNA 
genes. The genome has a relatively low gene coding level, only 
82%. This is explained by the unusually heavy infiltration of 
lateral gene transferred (LGT) genetic elements into the 
genome, forming a series of “islands” ranging in size from 9 
to 142 kb in length. These genomic islands are demarcated by 
lower than average coding density and the presence of phage- 
type integrases, retron-type reverse transcriptases, and vari- 
ous transposase-like insertional elements. Indeed, more than 
200 of these gene types are present in the genome. Based on 
annotation data and database comparisons, as much as 2596 of 
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the Psychroflexus torquis genome comprises these LGT islands. 
Genes coding polyunsaturated fatty acid synthesis genes (pfa 
operon) (Allen and Bartlett, 2002) and a large exopolysaccha- 
ride genetic locus are located on genomic islands, suggesting 
that LGT elements may have been critical for the acquisition of 
some of the more unusual traits of this species. The remainder 
of the genome contains, at higher coding density, genes con- 
served amongst the phylum Bacteroidetes that code for central 
and intermediary metabolism and housekeeping cellular activi- 
ties. The Psychroflexus torquis genome has a metabolome compa- 
rable to that of other members of the Flavobacteriaceae that have 
genome sequence data (e.g., Croceibacter atlanticus, Robiginitalea 
biformata, Polaribacter irgensii and several others), with a prefer- 
ence for the oxidative catabolism of carbohydrates. Numerous 
response regulatory genes and transporters are present suggest- 
ing that the micro-organism is particularly sensitive to the sur- 
rounding environment. Many genes are present for the import 
and export of high molecular mass substances, inorganic ions, 
solutes, and carbohydrates. Two BetT high affinity choline/ 
glycine betaine/carnitine transporters and eight putative 
proline:sodium ion symporters are present with possible pro- 
tective roles, conferring osmotolerance and/or cryotolerance. 
Overall, peptide sequences have the greatest similarities with 
those of the genome of Croceibacter atlanticus, a pelagic mem- 
ber of the Flavobacteriaceae. The lack of various genes or path- 
ways for synthesis of pantothenic acid and cobalamin, as well as 
specific receptor proteins for these compounds, indicates that 
these vitamins are essential nutrients for growth. This is borne 
out by the need to supplement defined mineral salts media with 
yeast extract before any growth of Psychroflexus torquis can be 
achieved. Highly similar orthologs to genes found necessary 
for gliding (gld genes) in Flavobacterium johnsoniae (Braun and 


TABLE 63. Differential characteristics of Psychroflexus species? 


Characteristic P. torquis P. gondwanensis P. tropicus 
Morphology Rods, coiled filaments Rods Rods 
Gliding motility + = = 
Salinity range for growth (%) 1.5-6 0-15 1-20 
Optimum salinity for growth (%) 3 5 7.5-10 
Requirement for divalent cations in seawater + = = 
Temperature growth range (°C) «0 to 15-20 0-30 4—43 
Esculin hydrolysis = + = 
Extracellular Dnase + + - 
Gelatin hydrolysis - d - 
Esterase (Tween 80) + + _ 
Urease _ d nd 
Oxidative acid production from: 
L-Arabinose - t - 
D-Fructose - - + 
p-Glucose d (w) + - 
p-Mannose + + - 
p-Xylose * - 
Cellobiose - + _ 
Maltose d (w) + _ 
p-Arabitol - - t 
p-Mannitol - - + 
D-Sorbitol _ _ + 
Glycerol _ _ 
DNA G+C content (mol%) 33 (T'), 35 (genome) 36 35 
“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; w, weak reaction; 


nd, not determined. 
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TABLE 64. Whole-cell fatty acid composition (%) present in 
Psychroflexus species cultivated on marine agar 2216 at 15°C* 


2d 
a 
š 
š 
š 3 ES 
E & E 
Fatty acid M EM x 
Saturated fatty acids: 
Cisy tr tr _ 
Ciso 4.2 (0.6) 1.9 (0.8) tr 
Ciso tr tr ~ 
Ciro i tr ~ 
C. so tr tr - 
Branched chain fatty acids: 
Ciso iso tr 1.4 (0.4) tr 
Gizi iso _ 2.8 (0.3) _ 
C, iso 1.0 (0.2) 4.8 (0.8) 2.7 
C,,, @10ciso tr 2.2 (1.0) 11.8 
C,,,, ©10¢ anteiso 16.9 (1.8) 18.4 (2.5) 12.9 
215,9 180 1.1 (0.3) 2.1 (0.5) 16.7 
C,,, anteiso 35.2 (4.4) 23.0 (2.7) 19.3 
Ce iso tr tr - 
Ciso iso 6.0 (1.2) 10.9 (0.3) 3.4 
Zizo 180 tr tr - 
Hydroxy fatty acids: 
Ciso 3-OH iso - tr tr 
Cis 3-OH iso tr tr 2.9 
Ciso 3-OH anteiso tr tr - 
Czo OH 2.5 (0.7) tr 2.8 
Ciso 9-OH iso 15.4 (1.0) 18.5 (1.6) 10.1 
Ciso 9-OH 1.2 (1.2) tr tr 
Ciz 9-OH iso tr tr 10.0 
Ciz 9-OH anteiso 10.9 (3.4) 6.6 (0.8) - 
Cz OH tr tr _ 
Cs 3-OH iso - tr - 
Polyunsaturated fatty acids: 
C,,., 066 2.1 (1.2) - - 
C 03c 4.9 (3.0) - - 


Values represent the mean percentages of the total fatty acids (values in paren- 
theses are standard deviations); tr, trace level detected («196 of total fatty acids); 
-, not detected. 


McBride, 2005) are present in the Psychroflexus torquis genome. 
The bright orange pigment of Psychroflexus torquis colonies is 
indicative of carotenoid biosynthesis and genes encoding the 
synthesis of B-carotene and zeaxanthin are present. The spe- 
cies also appears to be able to synthesize proteorhodopsin 
(Friedrich et al., 2002) and possesses a blue light receptor gene 
ortholog, although at this stage it is unknown if light provides 
an enhancement to the growth of this species. 

Psychroflexus torquis has the unusual ability to produce the 
polyunsaturated fatty acids eicosapentaenoic acid (EPA) and 
arachidonic acid (Nichols et al., 1997). As the incubation tem- 
perature is reduced from 15 to 2°C, the production of EPA 
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increases more than fourfold, indicating the importance of 
this lipid to Psychroflexus torquis for low temperature growth. No 
other member of the family Flavobacteriaceae has been shown 
to be able to form polyunsaturated fatty acids, including the 
two other known Psychroflexus species. Extreme psychrophily is 
also relatively uncommon in the family, although psychroac- 
tive growth is very prevalent. So far only isolated from dense 
algal assemblages within sea-ice, Psychroflexus torquis has a pro- 
nounced epiphytic lifestyle. 

In comparison, both Psychroflexus gondwanensis and Psychro- 
flexus tropicus are inhabitants of hypersaline lakes, including 
those of Antarctica and the Hawaiian Archipelago, respectively. 
Neither form filaments nor are they capable of gliding; they 
appear to be mainly planktonic bacteria. The growth rates 
of these two species are much faster than that of Psychroflexus 
torquis. These species are halotolerant and have relatively high 
salinity optima for growth, suggesting a preference for mod- 
erate but not extremely hypersaline ecosystems. Both Psychro- 
flexus gondwanensis and Psychroflexus tropicus exhibit growth at 
low temperatures, but have growth rate temperature optima of 
25-35°C, as compared to 10-15°C found for Psychroflexus torquis, 
when grown in liquid media. 


Enrichment and isolation procedures 


Currently, no specific method of enrichment is available for iso- 
lation of Psychroflexus species. Plating melted sea-ice material or 
hypersaline lake water onto marine agar media or organic media 
containing high levels of salt (10-12%) can be used to directly 
isolate Psychroflexus species, with bright orange colonies being 
indicative of the genus. Psychroflexus torquis colonies are typically 
very viscid and elastic due to production of an exopolysaccha- 
ride and are best isolated from sea-ice samples rich in algae. 
Incubation temperatures depend on the species (see above). 


Maintenance procedures 


Strains can be maintained for many years cryopreserved in 
marine broth containing 20-30% glycerol. Strains survive for 
many months, potentially years, on thick agar plates or on slants 
stored at 2-4^C. Strains may also be maintained by lyophiliza- 
tion, although the procedure is generally not useful for Psychro- 
flexus torquis. 


Differentiation of the genus Psychroflexus 
from other genera 


The most salient traits useful for distinguishing Psychroflexus spp. 
from other members of the Flavobacteriaceae include orange pig- 
mentation, lack of flexirubin pigments, strictly aerobic oxida- 
tive metabolism, the ability to use carbohydrates such as starch, 
and the ability to grow at low temperatures. 


Taxonomic comments 


Psychroflexus gondwanensis was originally described as Flavobacte- 
rium gondwanense (Dobson et al., 1993). 


List of species of the genus Psychroflexus 


1. Psychroflexus torquis Bowman, McCammon, Lewis, Skerratt, 
Brown, Nichols and McMeekin 1999, 2%” (Effective publica- 
tion: Bowman, McCammon, Lewis, Skerratt, Brown, Nichols 
and McMeekin 1998, 1607.) 


tor'quis. L. masc. n. forquis a twisted neck-chain, referring to 
coiling of cellular filaments. 


Characteristics are as given for the genus, as listed in Table 
63, and as given in the text. In addition, Psychroflexus torquis 
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forms orange, circular, mucoid, viscid to elastic, convex or 
dome-like, opaque, entire, smooth, glistening colonies up to 
10 mm in diameter. 
Source: inhabits sea-ice algal assemblages. 
DNA G«C content (mol % ): 33 (T), 35 (genome sequence). 
Type strain: 651, ACAM 623, ATCC 700755, CIP 106069. 
Sequence accession no. (16S rRNA gene): U85881. 
Sequence accession no. (genome): NZ, AAPR00000000. 


2. Psychroflexus | gondwanensis corrig. (Dobson, Colwell, 
Franzmann and McMeekin 1993) Bowman, McCammon, 
Lewis, Skerratt, Brown and Nichols and McMeekin 1999, 2V? 
(Effective publication: Bowman, McCammon, Lewis, Skerratt, 
Brown, Nichols and McMeekin 1998, 1608.) (Flavobacterium 
gondwanense Dobson, Colwell, Franzmann and McMeekin 
1993, 81) 


gond.wa.nen'sis. N.L. masc. adj. gondwanensis of or belong- 
ing to Gondwanaland or Gondwana, one of the two ancient 
supercontinents, which originally included Antarctica and 
other, separate continental landmasses. 


Characteristics are as given for the genus, as listed in Table 
63, and as given in the text. In addition, Psychroflexus gond- 
wanensis forms orange, circular, butyrous or viscid, convex, 
opaque, entire, smooth, glistening colonies up to 5 mm in 
diameter. 

Source: inhabits various hypersaline lakes of Antarctica 
(James et al., 1994). 

DNA G+C content (mol% ): 36 (T). 

Type strain: ACAM 44, ATCC 51278, CCUG 33444, CIP 
104040, DSM 5423, LMG 13192. 
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Sequence accession no. (16S rRNA gene): M92278. 

Additional note: the original spelling, gondwanense, did not 
agree in gender with the generic name Psychroflexus and thus 
was corrected on Validation List no. 68, Int. J. Syst. Bacteriol. 
49: 1-3, 1999). 


3. Psychroflexus tropicus Donachie, Bowman and Alam 2004, 
937" 


trop'i.cus. L. masc. adj. tropicus tropical, relating to the spe- 
cies tropical lake habitat. 


Characteristics are as given for the genus, as listed in 
Table 63, and as given in the text. In addition, Psychroflexus 
tropicus forms orange, circular, butyrous, convex, opaque, 
entire, smooth, glistening colonies up to 4 mm in diameter. 
Esterases (C, C,, and C,,), and leucine, valine, and cystine 
arylamidases are produced. Trypsin, chymotrypsin, acid 
phosphatase, and phosphohydrolase activities are present. In 
Biolog GN trays, the following carbon sources test positively 
in the presence of 7.5% NaCl, but not with 2 or 4% NaCl: 
L-alanine, L-alanyl-glycine, L-asparagine, L-aspartate, L-gluta- 
mate, L-leucine, L-ornithine, L-proline, L-serine, L-threonine, 
monomethyl succinate, and L-alaninamide. Glycerol, p-glu- 
cose, D-fructose, D-mannose, D-sorbitol, trehalose, starch, 
and r-arabitol are utilized. Acid is produced oxidatively from 
sucrose and 5-ketogluconate. 

Source: inhabits hypersaline lakes of the Hawaiian Archi- 
pelago. 

DNA G+C content (mol96): 35 (T). 

Type strain: LA1, ATCC BAA-734, DSM 15496. 

Sequence accession no. (16S rRNA gene): AF513434. 


Genus XLIII. Psychroserpens Bowman, McCammon, Brown, Nichols and McMeekin 1997, 674° 


JoHN P. Bowman 


Psy.chro.ser’pens. Gr. adj. psychros cold; L. masc. or fem. n. serpens serpent; N.L. masc. n. Psychroser- 


pens cold serpent. 


Cells are flexible rods with rounded ends, 0.5-0.6 x 2-6 pm, 
occurring singly or in pairs. Cultures also frequently include 
coiled or roughly helical filamentous cells up to 20 pm in 
length. Spores, resting cells, and gas vesicles are not present. 
Nonmotile. Gram-stain-negative. Colonies are yellow due to 
accumulation of carotenoids. Flexirubin pigments are not pro- 
duced. Strictly aerobic, having an oxidative type of metabolism. 
Catalase-positive. Oxidase-negative. Chemoheterotrophic. Non- 
agarolytic. Carbohydrates are not utilized, except for glycogen. 
Acid is not formed from carbohydrates. Seawater salts and yeast 
extract are required for growth. Psychrophilic. Grows between 
-2 and 18°C, with optimal growth at 10-12°C and pH 6-8. The 
major fatty acids are Cio Ciso iso, C}; anteiso, C,., @10c iso, 
C,,., @10c anteiso, C,,, wllc iso, C,,, ollco C,., o4c and Cigi 
5c. Isolated from saline lakes of Antarctica. 

DNA G+C content (mol % ): 27—29. 

Type species: Psychroserpens burtonensis Bowman, McCam- 
mon, Brown, Nichols and McMeekin 1997, 674°. 


Further descriptive information 


Psychroserbens is a genus of the family Flavobacteriaceae and 
currently includes one species, Psychroserpens  burtonensis. 


Psychroserpens burtonensis was isolated from the waters of Burton 
Lake, a saline lake located in the Vestfold Hills ice-free region 
of Eastern Antarctica (68° S 78° E). Burton Lake has salinity 
levels and composition that are nearly the same as seawater and 
receives an inflow of seawater from a closely adjacent fjord in 
the summer when surface ice melts sufficiently. The species is 
characterized by psychrophilic growth and a preference for 
organic acids as carbon sources. 

Psychroserpens burtonensis occasionally forms ring-shaped cells 
and more frequently helical or coiled cells. This is most obvi- 
ous in stationary growth phase cultures. In young, exponen- 
tially growing cultures, cells tend to appear as flexible rods. The 
organism requires vitamins and other unknown substances in 
yeast extract for growth. Growth is also markedly stimulated 
by the addition of Tween 20 or Tween 40. The species can 
hydrolyze casein, Tween 20, and Tween 40. Some strains can 
also attack gelatin and Tween 80. The species forms alkaline 
phosphatase. The species cannot degrade most polysaccharides 
(starch, chitin, dextran, agar), esculin, DNA, L-tyrosine, uric 
acid, or xanthine. Other standard tests (indole production, 
Voges-Proskauer test, H,S production, nitrate reduction, etc.) 
are negative (Bowman et al., 1997). 
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Psychroserpens burtonensis does not in general utilize carbohy- 
drates, alcohols, aromatics, or amino acids. Organic acids and 
some other compounds are preferred for growth and include: 
glycogen, a-glycerol phosphate, butyrate, malonate, glutarate, 
pimelate, azelate, citrate, oxaloacetate, citrate, and 2-aminobu- 
tyrate. Some strains can also utilize isobutyrate, trans-aconitate, 
and L-serine. A detailed phenotypic description of the species 
has been published (Bowman et al., 1997). 

The major fatty acids are C,. ,, Ciso iso, Ci; anteiso, C,,, o10c 
iso, Cu o010c anteiso, C,,, @llc iso, C,,, ollo Cı 040, and 
C,,,, @5c (Bowman et al., 1997). The major isoprenoid quinone 
is menaquinone-6 and the major polyamine is homospermidine 
(Hamana and Nakagawa, 2001). 

Undescribed strains and environmental clones closely 
related to Psychroserpens burtonensis but probably representing 
cold- and non-cold-adapted novel Psychroserpens species have 
been obtained or detected from a variety of marine habitats, 
suggesting the genus is widely distributed. Habitats include Ant- 
arctic and Arctic sea-ice and seawater, gills of salmon cultured 
in marine waters, sea surface microlayer, marine biofilms, and 
the surfaces of macroalgae including kelp (Abell and Bowman, 
2005; Agogué et al., 2005; Bowman and Nowak, 2004; Brink- 
meyer et al., 2003; Brown and Bowman, 2001). 


FAMILY I. FLAVOBACTERIACEAE 


Enrichment and isolation procedures 


Psychroserpens burtonensis can be isolated by direct plating of 
sample material onto marine agar followed by incubation at 
4-10°C. The species grows slowly, with colonies taking at least 
5-10 d to appear and grow to full size. 


Maintenance procedures 


For long-term storage, Psychroserpens burtonensis can be cryo- 
preserved at -80°C in marine broth 2216 supplemented with 
30% glycerol. Strains survive well on marine agar 2216 plates or 
slants stored at 2-4^C. The species shows generally poor survival 
following lyophilization. 


Differentiation of the genus Psychroserpens from other 
genera 


The most salient traits useful for distinguishing Psychroserpens 
from other members of the Flavobacteriaceae include coiled/ 
helical cellular morphology, yellow pigmentation, lack of motil- 
ity, strictly aerobic oxidative metabolism, inability to use carbo- 
hydrates, lack of reactivity in most standard phenotypic tests, 
and a requirement for low temperatures. The species also has a 
distinctive fatty acid profile, although various components can 
only be accurately identified by GC-MS analysis. 


List of species of the genus Psychroserpens 


1. Psychroserpens burtonensis Bowman, McCammon, Brown, 
Nichols and McMeekin 1997, 675V? 


bur.ton.en'sis. N.L. masc. adj. burtonensis pertaining to Bur- 
ton Lake, Antarctica, the body of water from where the 
organism was first isolated. 


Characteristics are as given for the genus and as given in 
the text. 

Source: saline lakes of Antarctica. 

DNA G+C content (mol % ): 27-29 (T ). 

Type strain: ACAM 188, ATCC 700359, CIP 105822. 

Sequence accession no. (16S rRNA gene): U62913. 


Genus XLIV. Riemerella Segers, Mannheim, Vancanneyt, De Brandt, Hinz, Kersters and Vandamme 1993a, 774"? 
emend. Vancanneyt, Vandamme, Segers, Torck, Coopman, Kersters and Hinz 1999, 293 


THE EpiTorRIAL BOARD 


Rie.me.rel'la. N.L. fem. n. Riemerella named in honor of O.V. Riemer, who first described Riemerella 
anatipestifer infections in geese in 1904 and referred to the disease as septicemia anserum exsudativa 


(Riemer, 1904). 


The following description is based on those given by Segers 
et al. (1993a) and Vancanneyt et al. (1999). Rods, 0.2- 
0.5 x 1.0-2.5 pm. Nonmotile. No gliding motility. Nonspore- 
forming. Gram-stain-negative. All strains grow microaerobically 
and most of them grow aerobically on blood agar. Some strains 
grow anaerobically at 37°C. Colonies are smooth and nonpig- 
mented or grayish-white to beige. Growth on litmus lactose 
agar is strain-dependent. No growth occurs on MacConkey 
agar. Most strains show a positive Voges—Proskauer reaction. 
Nitrates are not reduced. Acid production from glucose is fre- 
quently negative in peptone-containing media. The following 
enzymes are present: oxidase, catalase, gelatinase, o-glucosi- 
dase, o-maltosidase, alkaline phosphatase, acid phosphatase, 
esterase lipase C8, esterase C4, naphthol-AS-Bl-phosphohydro- 
lase, leucine arylamidase, valine arylamidase, cystine arylami- 
dase, and L-aspartic acid arylamidase. The following reactions 
are strain-dependent: urease, chymotrypsin, trypsin, argin- 
ine dihydrolase, indole production, hemolysis on blood, and 


esculin hydrolysis. Depending on the micro-test kit used, the 
following enzyme reactions give variable results: B-glucosidase, 
a-galactosidase, and lipase (these three reactions are positive 
in the API ID32E and negative in the API ZYM system); and 
N-acetyl-B-glucosaminidase [negative in API ZYM and API 
ID32E, positive in LRA-ZYM-Oxidase (Hinz et al., 1998); only 
some representative Riemerella anatipestifer strains have been 
tested using the latter system]. The following enzyme activi- 
ties are absent: chondroitin sulfatase, hyaluronidase, B-galacto- 
sidase, B-glucuronidase, o-mannosidase, a-fucosidase, trypsin, 
ornithine decarboxylase, and lysine decarboxylase. None of 
the strains use malonate as a carbon source or assimilate the 
following compounds (API 20NE system): D-glucose, L-arabi- 
nose, D-mannose, D-mannitol, Macetylglucosamine, maltose, 
p-gluconate, caprate, adipate, L-malate, citrate, or pheny- 
lacetate. No acid production occurs with the following (API 
ID32E system): p- and L-arabitol, galacturonate, 5-ketoglucon- 
ate, phenol red, p-mannitol, maltose, adonitol, palatinose, 


GENUS XLIV. RIEMERELLA 


sucrose, L-arabinose, trehalose, rhamnose, inositol, sorbitol, 
and cellobiose. Using the buffered single substrate (BSS) test, 
however, acidification of the following carbohydrates may be 
detected: D-glucose, maltose, D-mannose, and dextrin and, to a 
lesser extent, D-fructose, L-sorbose, and trehalose, but no acid 
is produced from lactose, D-galactose, N-acetyl-p-glucosamine, 
lactulose, trehalose, sucrose, D-mannitol, L-arabinose, myo-inos- 
itol, p-sorbitol, p-xylose, dulcitol, salicin, or adonitol. Menaqui- 
none-6 is the major respiratory quinone detected in the type 
species. The dominant fatty acids are the branched-chain fatty 
acids C,,, iso, C. , iso, C,., anteiso, C; iso 3-OH, and C, iso 
3-OH. Isolated mainly from diseased birds and, in a few cases, 
from pigs. 

DNA G+C content (mol% ): 29-37. 

Type species: Riemerella anatipestifer (Hendrickson and 
Hilbert 1932) Segers, Mannheim, Vancanneyt, De Brandt, Hinz, 
Kersters and Vandamme 1993a, 775’? [Moraxella anatipestifer 
(Hendrickson and Hilbert 1932) Bruner and Fabricant 1954, 
461; Hemophilus anatipestifer Hauduroy, Ehringer, Urbain, Guil- 
lot and Magrou 1937, 247; Pasteurella anapestifer (sic) Hauduroy, 
Ehringer, Guillot, Magrou, Prévot, Rosset and Urbain 1953, 
367; Pasteurella anatipestifer (Hendrickson and Hilbert 1932) 
Breed, Murray and Smith 1957, 397; Pfeifferella anatipestifer 
Hendrickson and Hilbert 1932, 249]. 


Further descriptive information 


The illness caused by Riemerella anatipestifer is an exudative sep- 
ticemia in ducks, pigeons, and other domestic and wild birds. 
Riemerella anatipestifer has been isolated from ducks, geese, tur- 
keys, chickens, pheasants, quails, and wild free-living waterfowl 
(Asplin, 1955; Bangun et al., 1987; Bruner et al., 1970; Graham 
et al., 1938; Hendrickson and Hilbert, 1932; Loh et al., 1992; 
Pierce and Vorhies, 1973; Sandhu and Rimlet, 1997; Singh 
etal., 1983; Smith et al., 1987; Zehr and Ostendorf, 1970). The 
infection can be peracute, acute, or chronic. The organism is 
thought to be transmitted vertically by transovarian passage. 
Lateral transmission occurs through injuries, such as toenail 
scratches of the webbed foot in ducklings, or by entrance 
through the respiratory epithelium. The disease is of major 
economic importance in the duck industry, since the mortality 
in ducklings is usually 2-30% and can be as high as 95%. Ana- 
pestifer disease can be treated with a range of antibiotics. 

The CAMP cohemolysin has been implicated as a potential 
virulence factor of Riemerella anatipestifer and the CAMP cohe- 
molysin gene, cam, of reference strain 30/90 of serotype 19 
has been cloned and expressed in Escherichia coli (Crasta et al., 
2002). The amino acid sequence of the Cam protein has high 
homology with sequences of Osialoglycoprotein endopepti- 
dases and the Cam protein has been shown to be a sialoglyco- 
protease by its ability to hydrolyze radioiodinated glycophorin 
A (Crasta et al., 2002). 

There are at least 21 serotypes of Riemerella anatipestifer that 
have been identified by slide and tube agglutination tests 
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with antisera (Loh et al., 1992; Pathanasophon et al., 1994). 
Inactivated bacterins and live vaccines are available that can 
offer protection against homologous strains or serotypes of 
Riemerella anatipestifer, but are unable to protect against heter- 
ologous serotypes (Pathanasophon et al., 1996; Sandhu, 1991). 

An ELISA based on a recombinant fragment of an Riemer- 
ella anatipestifer surface protein has been developed to aid early 
detection of the infection in ducks (Huang et al., 2002); also, 
a direct and indirect antibody ELISA has been developed for 
detection of duck yolk IgY and duck serum IgY. Kardos et al. 
(2007) have described a PCR assay that can rapidly identify Rie- 
merella anatipestifer from bacterial cultures. 

Riemerella columbina seems to be uniquely associated with dis- 
ease in pigeons (Vancanneyt et al., 1999). 


Enrichment and isolation procedures 


A definitive diagnosis of anatipestifer disease can best be done 
by isolating and identifying the organism. Riemerella strains 
can be isolated from the organs of infected birds (liver, lung, 
spleen, heart, blood, kidney, brain) at necropsy by plating onto 
chocolate agar or 5% sheep blood agar, with incubation for 
24 h at 37°C in a microaerobic CO,-containing atmosphere, 
e.g., composed of 596 O,/10% CO,/85% N, or of 5% O,/3.596 
CO,/7.5% H,/84% N,. 


Differentiation of the genus Hiemerella 
from related genera 


Table 44 in the chapter on the genus Chryseobacterium lists phe- 
notypic characteristics that are helpful in differentiating Riemer- 
ella from Chryseobacterium and Bergeyella. 


Taxonomic comments 


DNA-rRNA hybridization studies by Segers etal. (1993a) showed 
that Riemerella anatipestifer belongs to the family Flavobacteriaceae 
and that it is related particularly to the genera Chryseobacterium 
and Bergeyella. 16S rRNA gene sequence analysis by Subrama- 
niam et al. (1997) supported the conclusion that the closest 
phylogenetic neighbors of Riemerella anatipestifer were members 
of the genera Chryseobacterium and Bergeyella. 

Vancanneyt et al. (1999) found that Riemerella columbina 
strains were highly related to those of Riemerella anatipestifer 
based on DNA-rRNA hybridization experiments; however, 
there was no significant DNA-DNA hybridization with the type 
strain of that species, thereby, establishing the separate species 
status of Riemerella columbina. 


Differentiation of the species of the genus Riemerella 


Riemerella columbina can be differentiated from Riemerella anati- 
pestifer by its grayish-white to beige pigmentation on Columbia 
blood agar and by its hydrolysis of esculin. Also, see the species 
description of Riemerella columbina for additional features that 
may help to differentiate the two species. 


List of species of the genus Hiemerella 


1. Riemerella anatipestifer (Hendrickson and Hilbert 1932) 
Segers, Mannheim, Vancanneyt, De Brandt, Hinz, Kersters 
and Vandamme 1993a, 775" [Moraxella anatipestifer (Hen- 
drickson and Hilbert 1932) Bruner and Fabricant 1954, 461; 
Hemophilus anatipestifer Hauduroy, Ehringer, Urbain, Guillot 


and Magrou 1937, 247; Pasteurella anapestifer (sic) Hauduroy, 
Ehringer, Guillot, Magrou, Prévot, Rosset and Urbain 1953, 
367; Pasteurella anatipestifer (Hendrickson and Hilbert 1932) 
Breed, Murray and Smith 1957, 397; Pfeifferella anatipestifer 
Hendrickson and Hilbert 1932, 249] 
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a.na.ü.pes'ti.fer. L. n. anas -atis duck; L. adj. pestifer that 
brings destruction, noxious, pernicious; N.L. n. anatipestifer 
one who brings destruction of ducks. 


The description is as given for the genus, with the following 
additional features (Segers et al., 1993a). Cells occur singly, 
in pairs, or in short chains. Smooth, nonpigmented colonies 
develop within 2 d during microaerobic incubation on rich 
peptone, peptone-blood, or chocolate agar at 36°C. Optimum 
temperature, 37°C; most strains grow at 45°C, but not at 4°C. 
Thiamine is required, but low concentrations of pyrithia- 
mine and amprolium are inhibitory. The litmus milk reac- 
tion is strain-dependent. Most strains liquefy gelatin, Lóffler's 
blood serum, and coagulated egg medium. Growth occurs in 
Huddleson's thionine medium, in Huddleson's basic fuchsin 
medium, and on agar containing 10% bile in serum. No 
growth occurs on agar containing 40% bile in serum, citrate 
agar, in KCN broth or in glycerol phosphate medium. H,S 
is not produced. The following enzyme activities are pres- 
ent: cystine arylamidase, phosphoamidase, a-glucosidase, 
and esterase C4. The following enzyme activities are absent: 
a-galactosidase, B-glucosidase, B-glucosaminidase, lipase C14, 
and phenylalanine deaminase. Highly susceptible to penicil- 
lin, but highly resistant to polymyxin B and kanamycin. The 
fatty acids include branched fatty acids C,,, iso, Ciz. iso, C... 
anteiso, C; iso 3-OH, C., iso 3-OH, and an unidentified fatty 
acid with an equivalent chain-length of 13.566. Segers et al. 
(1993a) reported that menaquinone-7 is the sole respiratory 
quinone in the type strain of Riemerella anatipestifer, however, 
Vancanneyt et al. (1999) reported that menaquinone-6 is the 
major respiratory quinone detected in the type species. 

Source: the type strain was isolated from a duck in the 
United States. 

DNA G+C content (mol % ): 35 (T). 

Type strain: LMG 11054, ATCC 11845, CCUG 14215, 
CCUG 21370, CIP 82.28, JCM 9532, LMG 11606, MCCM 
00568, NCTC 11014. 


FAMILY I. FLAVOBACTERIACEAE 


Sequence accession no. (16S rRNA gene): U10877, U60101. 
Additional note: the illness caused by this organism is not 
restricted to ducks. 


2. Riemerella columbina Vancanneyt, Vandamme, Segers, 
Torck, Coopman, Kersters and Hinz 1999, 294V* 


co.lum.bi'na. L. fem. adj. columbina pertaining to pigeons. 


The following description is based on that given by Van- 
canneyt et al. (1999). The description of Riemerella colum- 
bina is as for the genus. On Columbia blood agar, all strains 
show good growth when incubated aerobically at 37°C and 
microaerobically at 24, 37, and 42*C and produce a gray- 
white or beige pigment (Rzemerella anatipestifer strains are 
nonpigmented). No growth occurs anaerobically at 37°C. 
No growth occurs on litmus lactose agar (variable for Riemer- 
ella anatipestifer strains). All strains tested hydrolyze esculin 
(negative for Riemerella anatipestifer strains). When using the 
API ID32E system, all strains are positive for B-glucosidase 
activity (negative for Riemerella anatipestifer strains; this reac- 
tion is, however, negative for Riemerella columbina strains in 
the API ZYM system). Indole is not produced. All strains 
exhibit chymotrypsin activity (variable reactions for Riemer- 
ella anatipestifer strains). Using the BSS test, all strains pro- 
duce acid from D-glucose, maltose, D-mannose, and dextrin 
(variable reactions for Riemerella anatipestifer). A negative or 
weakly positive reaction occurs for acid production from 
D-fructose and L-sorbose. The dominant fatty acids are the 


branched-chain fatty acids C,,, iso, C,,, anteiso, C; iso, 
Ciso anteiso, C,,, iso 3-OH, C,,, iso 3-OH, and “summed 
feature 4". 


Source: isolated from pigeons with respiratory disease. The type 
strain was isolated from a pigeon palatine cleft in Germany. 

DNA G+C content (mol96): 36 (T. ). 

Type strain: Hinz x183-89, CCUG 47689, CIP 106288, LMG 
11607. 

Sequence accession no. (16S rRNA gene): AF181448. 


Genus XLV. Robiginitalea Cho and Giovannoni 2004, 1104"? 


JANG-CHEON CHo AND STEPHEN J. GIOVANNONI 


Ro.bi.gi.ni.tal'e.a. L. gen. n. robiginis rust; L. fem. n. talea a rod; N.L. fem. n. Robiginitalea a rust-colored 


rod. 


Cell shape varies from straight rods in exponential phase to 
coccoid cells in stationary phase. Gram-stain-negative. Non- 
motile and no gliding motility. Nonsporeforming. Poly-B-hy- 
droxybutyrate granules are not formed. Obligately aerobic and 
chemoheterotrophic. Produce carotenoid pigments, but not 
flexirubin pigments. Require NaCl for growth. Oxidase- and 
catalase-positive. Degrade starch and esculin. Utilize a variety of 
carbon compounds as sole carbon sources. The major fatty acid 
types are branched acids and hydroxy acids. 

DNA G+C content (mol % ): 55-56. 

Type species: Robiginitalea biformata Cho and Giovannoni 
2004, 1105V*, 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences has 
shown that the genus forms a distant lineage within the family 


Flavobacteriaceae. The genus Robiginitalea currently contains only 
one species, Robiginitalea biformata, with HTCC 2501" as the type 
strain. 

Cell morphology varies with the growth stage of the cells. 
Cells in early exponential phase are straight rods, approxi- 
mately 3.6 um long and 0.5 pm wide, whereas cells in stationary 
phase become coccoid, 0.6-1.2 pm in diameter. Transmission 
electron microscopy has shown that the cells lack flagella, 
endospores, intracellular granules, and vacuoles. Gliding motil- 
ity and flagella are not observed. 

Colonies on marine agar 2216 grown at 30°C for 4 d are 1.0- 
2.0 mm in diameter, rusty orange-colored, uniformly circular, 
opaque, and pulvinate. 

The predominant fatty acids are C 
(14-21%), and C 


iso (24-28%), C; iso 


15:0 “15:1 


3-OH iso (25-27%). The major fatty acid 


17:0 


GENUS XLV. ROBIGINITALEA 


types are branched acids and hydroxy acids, comprising 75.7— 
77.9% total fatty acids. 

The organisms are obligately aerobic, mesophilic, NaCl- 
requiring, and chemoheterotrophic. The temperature, pH, 
and NaCl concentration ranges for growth are 10-44°C (opti- 
mum 30°C), pH 6.0-9.0 (optimum pH 8.0-8.5), and 0.25-10% 
(w/v) NaCl (optimum 2.5%). Tests for esculin hydrolysis and 
P-galactosidase activity are positive. Tests for denitrification, 
indole production, glucose acidification, arginine dihydrolase, 
urease, and gelatin hydrolysis are negative. Carotenoid pig- 
ments are produced with wavelength absorbance peaks at 339 
and 457 nm, with a major peak at 457 nm. Photosynthetic gene 
clusters, bacteriochlorophyll a, and photosynthetic activity are 
not found. Starch is degraded after 3 weeks of incubation, but 
not gelatin, DNA, casein, elastin, dextran, cellulose, alginate, 
chitin, or carrageenan. Sole carbon sources include p-ribose, 
p-xylose, D-glucose, D-fructose, L-sorbose, D-mannose, sucrose, 
B-lactose, trehalose, cellobiose, maltose, melibiose, raffinose, 
Nacetyl-p-glucosamine, succinic acid, propionic acid, lac- 
tic acid, r-glutamate, L-ornithine, L-proline, and L-serine. 
The organisms are susceptible to nalidixic acid, tetracycline, 
erythromycin, rifampin, and benzylpenicillin, but resistant 
to chloramphenicol, kanamycin, carbenicillin, streptomycin, 
ampicillin, puromycin, vancomycin, gentamicin, and cyclohex- 
imide. 

The type strain of the single species of the genus was isolated 
from the oceanic surface, indicating that its major habitat is the 
marine environment. 


Enrichment and isolation procedures 


The original liquid cultures of Robiginitalea biformata were 
obtained from the surface of the Sargasso Sea by a dilution-to- 
extinction method using low nutrient heterotrophic medium 
consisting of filtered (0.2 pm pore size) and autoclaved sea- 
water supplemented with 1.0 nM NH,Cl and 0.1 pM KH,PO, 
amended with 0.001% (w/v) each of D-glucose, p-ribose, suc- 
cinic acid, pyruvic acid, glycerol, and N-acetyl p-glucosamine, 
and 0.002% (v/v) ethanol (Connon and Giovannoni, 2002). 
Single colonies were obtained easily by spreading the liquid 
culture on marine agar 2216 (Difco) after incubation for 
5 d at 25°C. Therefore, it is likely that Robiginitalea can be 
obtained by spreading seawater on marine agar using a serial 
dilution plating method. Currently, there is no special method 
to enrich Robiginitalea from the mixed marine microbial com- 
munity. 
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Maintenance procedures 


Frozen stocks as a glycerol suspension (10-30%) stored in liq- 
uid nitrogen or at ~70°C are routinely used to start a new cul- 
ture. Lyophilization of liquid cultures is also recommended for 
long-term storage. Frozen stocks and lyophilization stocks are 
stable for at least 1 year (confirmed by survival tests). Work- 
ing stock cultures can be maintained on slants at 4°C for 2 
months. 


Differentiation of the genus Robiginitalea 
from related genera 


16S rRNA gene sequence analysis is the most convincing evi- 
dence for the uniqueness of the genus Robiginitalea. All the 
currently classified genera in the family Flavobacteriaceae show 
less than 90% of 16S rRNA gene sequence similarity to strains 
of the genus Robiginitalea. One of major differentiating charac- 
teristics of the genus compared to other members of the fam- 
ily Flavobacteriaceae is its DNA G+C content, 54.7-56.4 mol%, 
which is more than 10 mol% higher than that of the other 
genera within the family. Other differential properties of the 
genus include pleomorphic properties and the upper limit 
of the growth temperature (44°C). Although the fatty acid 
profile of Robiginitalea biformata is similar to that of Muricauda 
ruestringensis, it differs significantly from those of members 
of the genera Zobellia, Arenibacter, Aequorivita, Vitellibacter, and 
Croceibacter. 


Taxonomic comments 


The only species currently included in the genus is Robig- 
initalea biformata. Classification of Robiginitalea as a distinct 
genus of the family Flavobacteriaceae is based on 16S rRNA 
gene sequence analyses as well as phenotypic and chemotaxo- 
nomic properties. The 16S rRNA gene sequence similarities of 
Robiginitalea biformata to members of other genera in the fam- 
ily Flavobacteriaceae are only 88-89%. None of the other taxa 
with validly published names shows more than 90% 16S rRNA 
gene sequence similarity to Robiginitalea biformata. Strains that 
are most closely related to Robiginitalea biformata belong to 
the genera Zobellia (88.6—89.796), Arenibacter (88.3-88.4%), 
Aequorivita (88.3-89.2%), and Vitellibacter (87.8-88.0%). Phy- 
logenetic analysis has shown that the genus forms a distinct 
linage within the Flavobacteriaceae, and its sister polyphyletic 
clade contains the genera Muricauda, Zobellia, Arenibacter, 
Aequorivita, and Vitellibacter. 


List of species of the genus Robiginitalea 


1. Robiginitalea biformata Cho and Giovannoni 2004, 1105V* 


bi.forma'ta. L. fem. adj. biformata double-formed, two- 
shaped, pertaining to different cell morphology in different 
growth phases. 


Characteristics of the species are as described for the 
genus. 


Source: seawater from the surface of the western Sargasso 
Sea, Atlantic Ocean. 

DNA G+C content (mol% ): 55-56 (HPLC). 

Type strain: HTCC2501, ATCC BAA-864, KCTC 12146. 

Sequence accession no. (16S rRNA gene): AY424899. 
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FAMILY I. FLAVOBACTERIACEAE 


Genus XLVI. Salegentibacter McCammon and Bowman 2000, 1062"? emend. Ying, Liu, Wang, Dai, Yang 
and Liu 2007, 221 


JoHN P. BOWMAN 


Sal.e.gent'i.bac.ter. L. n. salis salt; L. part. adj. egentis needy; Gr. n. bakterion rod; L. masc. n. Salegent- 


ibacter salt-needy rod. 


Cells are rod-shaped, 0.5-0.8 x 1.2-11.5 pm. Cells may occur 
singly, in pairs, or in short chains. Spores and resting cells are 
not present. Gas vesicles and helical or ring-shaped cells are 
not formed. Nonmotile or motile by gliding. Gram-stain-neg- 
ative. Strictly aerobic, having an oxidative type of metabolism. 
Catalase-positive. Most species are oxidase-positive. Chemo- 
heterotrophic. Colonies are bright-yellow-pigmented due to 
production of carotenoids. Flexirubin pigments are not pro- 
duced. Most strains form alkaline phosphatase, amylase, Tween 
esterases (Tweens 20, 40, and 80), gelatinase, elastinase, and 
alginase, and produce H,S from L-cysteine. Strains do not form 
cellulases, chitinases, produce indole from r-tryptophan, or 
form acetoin (Voges-Proskauer test). Some species require 
Nations for growth. Halotolerant. Tolerates 8% or more NaCl. 
The major fatty acids are C; C, iso, Ciz iso, C. , anteiso, 
summed feature 3 (C,,, 07¢/C,,., 2-OH iso), C,,, 3-OH iso, 
Ciz 9-OH iso, and C., 2-OH. The major respiratory quinone 
is menaquinone-6. The major polyamine is homospermidine. 
Habitats include the surfaces of marine fauna including 
holothurians, sea urchins and sponges, hypersaline lake surface 
waters, and marine sediment. 

DNA G+C content (mol % ): 37-44 (T, , HPLC). 

Type species: Salegentibacter salegens (Dobson, Colwell, 
McMeekin and Franzmann 1993) McCammon and Bowman 
2000, 1062V" ( Flavobacterium salegens Dobson, Colwell, McMeekin 
and Franzmann 1993, 81). 


Further descriptive information 


The genus Salegentibacter is a member of the family Flavobacteri- 
aceaeand is composed ofsix known species: Salegentibacter salegens, 
Salegentibacter holothuriorum, Salegentibacter mishustinae, Salegent- 
ibacter flavus, Salegentibacter agarivorans, and Salegentibacter catena. 
All species produce distinctive yellow-pigmented colonies on 
complex marine media such as marine agar 2216 (Difco). Pig- 
mentation of Salegentibacter salegens is suppressed when grown 
on Tween 20-containing growth media (Dobson et al., 1993). 
Salegentibacter species are strictly aerobic chemoheterotrophs 
with a saprophytic or epiphytic lifestyle consuming naturally 
occurring proteins, polysaccharides, and carbohydrates. Sale- 
gentibacter salegens, detected by indirect immunofluorescence, 
has been observed to colonize diatoms and chlorophytes of 
various saline, meromictic Antarctic lakes (James et al., 1994). 
Salegentibacter species have been recovered from various moder- 
ately hypersaline ecosystems (Ghozlan et al., 2006). 

Phenotypic characteristics that enable differentiation of 
Salegentibacter species are shown in Table 65. All species of the 
genus are considerably halotolerant, with Salegentibacter salegens, 
Salegentibacter mishustinae, and Salegentibacter agarivorans able 


to grow in the presence of up to 20% (w/v) NaCl. Regarding 
temperature responses, Salegentibacter species are mesophilic, 
with some species able to grow at 0-4°C or up to 42°C. Optimal 
growth for most species occurs at the salinity and pH of seawa- 
ter (1-4% salinity and around pH 8.0). Although most species 
are nonmotile, Salegentibacter agarivorans has observable gliding 
motility and, also unlike the other species of the genus, is aga- 
rolytic (Nedashkovskaya et al., 2006c). Although Salegentibacter 
species appear as relatively featureless rod-shaped cells, cells of 
Salegentibacter catena have been shown to form appendage-like 
structures in the stationary growth phase (Ying et al., 2007). 
The appendages may be large bleb-like structures (Zhou et al., 
1998). Fatty acid compositions of some Salegentibacter species 
are given in Table 66. 


Enrichment and isolation procedures 


For isolation of Salegentibacter strains from water or sediment, 
samples are serially diluted on an organic, salt-containing 
medium. Isolation from marine fauna usually involves homog- 
enization of tissue samples in seawater. For the isolation of most 
Salegentibacter species, marine agar 2216 (Difco) can be used 
for primary isolation and subsequent purification. For Salegent- 
ibacter catena, a low-nutrient agar medium can be used (0.05% 
peptone, 0.01% yeast, and 1.5% agar, dissolved in seawater) for 
primary isolation. Marine agar 2216 can be used for subsequent 
purification. 


Maintenance procedures 


The most convenient form of storage of Salegentibacter species 
is cryopreservation in marine broth 2216 containing 20% (v/v) 
glycerol at -80*C. Salegentibacter species can also be readily lyo- 
philized. 


Differentiation of the genus Salegentibacter 
from other genera 


The most salient traits useful for distinguishing Salegentibacter 
species from other members of the Flavobacteriaceae include yel- 
low pigmentation, lack of flexirubin pigments, lack of motility 
of most species, strictly aerobic oxidative metabolism, ability to 
use carbohydrates such as starch, proteolytic activity, and, in 
particular, the ability to grow at NaCl concentrations of 8% or 
more. 


Taxonomic comments 


Salegentibacter salegens was originally described as Flavobacterium 
salegens (Dobson et al., 1993), but later phylogenetic and fatty 
acid analyses indicated that the species was misclassified at the 
genus level (McCammon and Bowman, 2000). 


List of species of the genus Salegentibacter 


1. Salegentibacter salegens (Dobson, Colwell, McMeekin and 
Franzmann 1993) McCammon and Bowman 2000, 1062"* 


(Flavobacterium salegens Dobson, Colwell, McMeekin and 
Franzmann 1993, 81) 


GENUS XLVI. SALEGENTIBACTER 


TABLE 65. Distinguishing characteristics of Salegentibacter species* 
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Ë 
E A š Š š š 
Characteristic “j w 2) “j el el 
Zell diameter (um) 0.5-0.8 0.5-0.7 0.5-0.7 0.5-0.7 0.5-0.7 0.5-0.8 
Cell length (um) 1.2-11.5 2.7-5.3 2.5-5.1 2.5-4.0 2.0—4.7 2.0—6.0 
Gliding motility = = = + = 
NaCl growth range (%) 0-20 1-8 1-18 1-10 1-18 1-10 
Temperature growth range 2-34 4-37 4-36 10-34 4-41 15-42 
(C) 
Oxidase + + + + + _ 
DNase + + _ nd + _ 
p-Galactosidase + + + nd + _ 
Nitrate reduction to nitrite + _ _ _ + _ 
Agar hydrolysis = = = + = 
Casein hydrolysis _ + = = + 
Urease activity d - = + = = 
Utilization of: 
Lactose d + + - + _ 
Sucrose d _ + _ + _ 
p-Glucose t t + _ + + 
p-Mannose d + + nd + _ 
L-Arabinose _ _ _ + _ 
Maltose + + + nd + _ 
Production of acid from: 
L-Arabinose d - - - + _ 
Lactose d + _ nd + - 
p-Glucose d + - nd + + 
Sucrose d _ + nd + - 
p-Galactose + + - nd + _ 
Cellobiose _ _ nd + 
DL-Xylose - = z + _ 
L-Fucose + _ nd + _ 
Raffinose _ + nd + _ 
N-Acetylglucosamine * i nd + 
DNA G+C content (mol%) 37-38 37 37-38 40 39 44 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; nd, not determined. 


sal'e.gens. L. n. sal salt; L. adj. egens needy; salegens needing 
salt. 


The characteristics are the same as given for the genus, 
as listed in Tables 65 and 66, and as described in the text. 
In addition, nitrate and ammonia are utilized as inorganic 
nitrogen sources. Esculin is hydrolyzed. Negative for orni- 
thine and lysine decarboxylases. L-Arginine, D-gluconate, and 
L-ornithine are either utilized or are stimulatory. p-Fructose, 
cellobiose, maltose, raffinose, pyruvate, fumarate, succinate, 
L-alanine, L-proline, and L-tryptophan are either utilized or 
are stimulatory for some strains. The following compounds 
are neither utilized nor are stimulatory: L-rhamnose, DL- 
xylose, trehalose, salicin, adonitol, p-mannitol, p-sorbitol, 
citrate, malonate, L-asparagine, L-cysteine, L-glycine, L-histi- 
dine, L-isoleucine, L-leucine, L-lysine, L-serine, L-threonine, 
L-tyrosine, L-valine, and hydroxy-L-proline. Acid is produced 
from mannitol by some strains. No acid is produced from 
L-rhamnose, L-sorbose, melibiose, adonitol, dulcitol, D-sorb- 
itol, inositol, or glycerol. The optimal salinity for growth is 
~5%. Growth occurs between pH 5 and 10 (optimum pH 


8.0-8.5). Colonies are bright yellow, circular, convex, have 
an entire edge, and are 1-3 mm in diameter after 3-5 d on 
marine agar 2216 at 25°C. 

Source: isolated from saline, meromictic lakes of Antarctica 
(James et al., 1994). 

DNA G+C content (mol% ): 37-38 (T., HPLC). The DNA 
G+C content was reported originally as 39-41 mol% (T) by 
Dobson etal. (1993); however, subsequent reanalysis by spec- 
trophotometry and by HPLC indicated that the type strain 
has mean G+C values of 37 mol% (McCammon and Bow- 
man, 2000; Nedashkovskaya et al., 2004, 2005). 

Type strain: ACAM 48, ATCC 51522, CCUG 33447, CIP 
104041, DSM 5424, LMG 13198. 

Sequence accession no. (16S rRNA gene): M92279. 


. Salegentibacter agarivorans Nedashkovskaya, Kim, Vancan- 


neyt, Shin, Lysenko, Shevchenko, Krasokhin, Mikhailov, 
Swings and Bae 2006c, 884%” 
a.gar.i.vo'rans. N.L. n. agarum agar, algal polysaccharide; L. 


v. vorare to devour, to digest; N.L. part. adj. agarivorans agar- 
digesting. 
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TABLE66. Whole-cell fatty acid composition (%) of some Salegentibacter 
species cultivated on marine 2216 agar at 20-30°C* 


š 3 
^ Š £ 
š E 2 
E š š š 
Fatty acid vj ol [ol o 
Saturated fatty acids: 
Cio 7.6 5.6 10.4 6.7 
Sag. - - 4.3 1.8 
Ce, - - 2.6 1.3 
Branched-chain fatty acids: 
C, iso - = 2.0 _ 
C; iso 177 12.1 5.0 12.3 
C,,, anteiso 2.5 1.9 1:3 13 
C, iso 8.5 12.3 6.8 12.1 
Cz anteiso 8.5 7.1 6.4 7.9 
C, iso 2.6 1.5 2.8 1.9 
Ciso iso 3.1 2.8 13.5 4.6 
C, iso 2.0 2.5 2.8 2:2 
C,,, anteiso = = 2.9 _ 
Monounsaturated straight-chain fatty acids: 
C, o6¢ 5:7 2.3 2.6 2.4 
Summed feature 3 6.1 12.2 6.3 7.9 
(Cisa ©7¢/C,,, 2-OH iso) 
Ci; O66 4.1 3.8 2.4 3.5 
C, @8¢ _ _ 1.5 _ 
C4 076 - - 1.3 _ 
Hydroxy fatty acids: 
Ciso 9-OH iso 2.5 3.6 1:2 2.9 
C,,, OH 3.9 2.3 1.2 2.1 
Ciso 2-OH 2.4 3.5 1.8 2.6 
Ciso 3-OH iso 5.9 3.9 3.6 4.7 
Ciso 9-OH - 1.3 - 0.5 
Czo 9-OH iso 5.9 9.8 5.2 8.6 
Ciz 2-OH 4.7 4.5 5.0 3.1 


*-, Not detected or at a level below 1% total fatty acid content. 


The characteristics are as given for the genus, as listed in 
Tables 65 and 66, and as described in the text, with the follow- 
ing additional features. Gliding motility is present. Inositol, 
p-mannitol, p-sorbitol, citrate, and malonate are not utilized. 
No acid is produced from r-rhamnose, L-sorbose, adon- 
itol, dulcitol, inositol, p-mannitol, or p-sorbitol. From the 
Microlog GN2 plate system, the following substrates produce 
positive results: a-p-glucose, a-lactose, sucrose, methylpyru- 
vate, monomethylsuccinate, D-galactonate, D-gluconate, 
B-hydroxybutyrate, phydroxyphenylacetate, itaconate, 2-oxo- 
glutarate, DL-lactate, propionate, succinate, succinamate, 
alaninamide, r-alanylglycine, L-asparagine, L-aspartate, 
L-glutamate, glycyl-L-aspartate, L-phenylalanine, L-proline, 
L-pyroglutamate, L-threonine, and urocanate. Based on the 
API ZYM system, positive for the following enzyme activities: 
a-galactosidase, B-galactosidase, a-glucosidase, B-glucosidase, 
Nacetyl-B-glucosaminidase, alkaline phosphatase, acid phos- 
phatase, naphthol-AS-Bl-phosphohydrolase, C8 esterase/ 
lipase, leucine arylamidase, valine arylamidase, trypsin, and 
a-chymotrypsin. Colonies are bright yellow, shiny, slimy, cir- 
cular, convex, sunken into the agar surface, and are 1-3 mm 


FAMILY |. FLAVOBACTERIACEAE 


in diameter after 3-5 d incubation on marine agar 2216 at 
25°C. The optimal salinity for growth is 2-4%. Growth occurs 
between pH 5.7 and 10.0; optimum pH is 7.5-8.3. 

Source: isolated from the tissues of a sponge (Artemisina 
sp.) collected near Onecotan Island, Kuril Islands, Sea of 
Okhotsk. 

DNA G+C content (mol % ): 39 (HPLC). 

Type strain: KCTC 12560, KMM 7019, LMG 23205. 

Sequence accession no. (16S rRNA gene): DQ191176. 


. Salegentibacter catena Ying, Liu, Wang, Dai, Yang and Liu 


2007, 221%? 


ca.te'na. L. n. catena chain, referring to the fact that cells 
frequently occur in chains. 


Cells frequently occur in chains. Cells produce appendage- 
like structures when in stationary growth phase. The char- 
acteristics are otherwise the same as given for the genus, as 
listed in Tables 65 and 66, and as described in the text, with 
the following additional features. Esculin is hydrolyzed, but 
not carboxymethylcellulose. The following compounds are 
not utilized: L-arabinose, L-fucose, r-rhamnose, D-galactose, 
DL-xylose, maltose, melibiose, raffinose, adonitol, p-mannitol, 
inositol, D-sorbitol, p-gluconate, acetate, propionate, pyru- 
vate, Di-lactate, citrate, L-malate, succinate, malonate, r-ala- 
nine, and L-proline. No acid is produced from D-mannose, 
L-rhamnose, melibiose, adonitol, dulcitol, inositol, D-manni- 
tol, or p-sorbitol. Based on the API ZYM system, strong activity 
is exhibited for the following enzymes: o-glucosidase, alkaline 
phosphatase, acid phosphatase, naphthol-AS-BI-phosphohy- 
drolase, C8 esterase/lipase, leucine arylamidase, and valine 
arylamidase. Weak activity occurs for C4 esterase, C14 lipase, 
cystine arylamidase, and trypsin. Colonies are saffron yellow, 
shiny, circular, convex, have an entire edge, and are 3-5 mm 
in diameter after 5 d on marine agar 2216 at 25°C. The opti- 
mal salinity for growth is 1-4%. Grows between pH 6.5 and 
9.0, with optimum growth at pH 7.5-8.2. 

Source: isolated from marine sediment collected from the 
Xijiang oilfield located in the South China Sea. 

DNA G+C content (mol96): 44 (T). 

Type strain: HY1, CGMCC 1.6101, JCM 14015. 

Sequence accession no. (16S rRNA gene): DQ640642. 


. Salegentibacter flavus Ivanova, Bowman, Christen, Zhukova, 


Lysenko, Gorshkova, Mitik-Dineva, Sergeev and Mikhailov 
2006, 585%! 


fla'vus. L. masc. adj. flavus golden yellow. 


The characteristics are the same as given for the genus, as 
listed in Table 65, and as described in the text. In addition, 
DL-xylose, raffinose, salicin, adonitol, inositol, D-mannitol, 
D-sorbitol, and citrate are not utilized. No acid is produced 
from L-rhamnose, inositol, p-mannitol, or p-sorbitol. Colo- 
nies are bright yellow, shiny, circular, convex, and are 1-3 mm 
in diameter after 3-5 d on marine agar 2216 at 25°C. The 
optimal salinity for growth is ~3%. Growth occurs between 
pH 5 and 10. Optimum growth occurs at pH 8.0-8.5. 

Source: isolated from marine sediment collected from the 
Chazhma Sea, Sea of Japan. 

DNA G+C content (mol96): 40 (HPLC). 

Type strain: Fg 69, CIP 107843, KMM 6000. 

Sequence accession no. (16S rRNA gene): AY6822200. 


GENUS XLVII. SANDARAKINOTALEA 


5. Salegentibacter holothuriorum Nedashkovskaya, Suzuki, 
Vancanneyt, Cleenwerck, Zhukova, Vysotskii, Mikhailov and 
Swings 2004g, 1109" 
ho.lo.thu.ri.o'rum. N.L. gen. pl. n. holothuriorum of holothu- 
rians (sea cucumbers). 


The characteristics are the same as given for the genus, 
as listed in Table 65, and as described in the text. In addi- 
tion, D-mannitol, inositol, p-sorbitol, citrate, succinate, 
and malonate are not utilized. Acid is not produced from 
L-rhamnose, r-sorbose, melibiose, adonitol, dulcitol, inosi- 
tol, p-mannitol, p-sorbitol, or glycerol. The optimal salinity 
for growth is ~3%. Colonies are bright yellow, shiny, circular, 
convex, have an entire edge, and are 1-3 mm in diameter 
after 3-5 d on marine agar 2216 at 25°C. The major phos- 
pholipid present in cells is phosphatidylethanolamine. 

Source: isolated from the tissues of a holothurian (Apos- 
tichopus japonicus) collected from the Sea of Japan. 

DNA G+C content (mol96): 37 (HPLC). 

Type strain: KMM 3524, LMG 21968, NBRC 100249. 

Sequence accession no. (16S rRNA gene): AB116148. 
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6. Salegentibacter mishustinae Nedashkovskaya, Kim, Lysenko, 
Mikhailov, Bae and Kim 2005h, 237°" 


mi.shu'sti.nae. N.L. gen. n. mishustinae of Mishustina, in 
honor of Irina E. Mishustina, a Russian marine micro- 
biologist. 

The characteristics are the same as given for the genus, 
as listed in Tables 65 and 66, and as described in the text. In 
addition, D-mannitol, inositol, p-sorbitol, citrate, succinate, 
and malonate are not utilized. Acid is not produced from 
L-rhamnose, r-sorbose, melibiose, adonitol, dulcitol, inositol, 
p-mannitol, p-sorbitol, or glycerol. Colonies are bright yellow, 
shiny, circular, convex, have an entire edge, and are 13 mm in 
diameter after 3-5 d on marine agar 2216 at 25°C. 

Source: isolated from the tissues of a sea urchin (Strongylo- 
centrotus intermedius) collected from Troitsa Bay, Gulf of Peter 
the Great, Sea of Japan. 

DNA G+C content (mol 96): 37-38 (HPLC). 

Type strain: KCTC 12263, KMM 6049, LMG 22584, NBRC 
100592. 

Sequence accession no. (168 rRNA gene): AY576653. 


Genus XLVII. Sandarakinotalea Khan, Nakagawa and Harayama 2006c, 960"? 


THE EpiroRIAL BoARD 


San.da.ra.ki.no.ta'le.a. Gr. adj. sandarakinos -e -on of orange color; L. fem. n. talea a slender staff, a rod; 


N.L. fem. n. Sandarakinotalea an orange-colored rod. 


Rods, 0.5-0.7 x 3-5 pm. Nonmotile. Gliding motility is not pres- 
ent. Gram-stain-negative. Aerobic. Colonies are light orange 
due to a carotenoid pigment. Flexirubin-type pigments are 
not formed. Catalase- and oxidase-positive. Growth occurs at 
10-40*C; optimum, 15-20°C; no growth occurs at 4°C. Growth 
requires NaCl and either a potassium or magnesium salt. Sea 
salts are required for growth. Starch, DNA, and gelatin are 
hydrolyzed. Nitrate is not reduced. The predominant fatty acids 
are Ciso iso, C; anteiso, C ṣọ iso, and C, iso 3-OH. Pentade- 
cenoic acid (C...) is absent. The only respiratory quinone pres- 
ent is MK-6. Isolated from marine sediment. 

DNA G+C content (mol % ): 35-37. 

Type species: Sandarakinotalea sediminis Khan, Nakagawa and 
Harayama 2006c, 9625. 


15:0 


Further descriptive information 


Khan et al. (2006c) reported that the mean percentage values 
for cellular fatty acids assayed in four isolates of Sandarakinotalea 
sediminis were as follows: C,., iso (27%), C,,, iso 3-OH (13%), 
Ciso anteiso (10%), C,,, iso (1076), C; iso @9c (7%), Ciso iso 
3-OH (6%), summed feature 4 (C,., @7¢/C,,,, iso 2-OH) (6%), 
Ciso iso (3%), C; iso 3-OH (3%), C, w6c (3%), C,.., anteiso 
@9c (2%), C iso (2%), and C,,, 2-OH (2%). Fatty acids 
amounting to less than 1% of the total fatty acid content in all 
strains are not listed. 


Enrichment and isolation procedures 


Sandarakinotalea sediminis has been isolated from marine sedi- 
ments. Strains are cultured at 20°C on 1.2% agar plates or slants 


prepared with 0.5x marine agar 2216 (Difco) diluted in artifi- 
cial seawater (Naigai Chemicals). 

For long-term preservation, cells can be stored at -80*C in 
artificial seawater supplemented with 20% (v/v) glycerol. 


Differentiation of the genus Sandarakinotalea from related 
genera 


Sandarakinotalea strains differ from those of the genera Algibacter, 
Aquimarina, Kordia, Mesonia, Psychroflexus, and Salegentibacterby being 
unable to grow at 4° C. Unlike Kordiastrains, Sandarakinotalea strains 
are catalase-positive and unable to reduce nitrate. In contrast to 
Algibacter and Aquimarina strains, they do not exhibit gliding motil- 
ity and have higher G4C content (35-37 mol% vs 31-33 mol%). 
Unlike Psychroflexus strains, they can hydrolyze gelatin. Sandaraki- 
notalea strains differ from those of Mesonia by their ability to hydro- 
lyze DNA and starch. They can be distinguished from both Mesonia 
and Aquimarina strains by their ability to grow at 37°C and by their 
inability to grow in the presence of 8-10% NaCl. 


Taxonomic comments 


Based on 16S rRNA gene sequence analysis, the species most 
closely related to Sandarakinotalea sediminis are Psychroflexus 
torquis and Algibacter lectus (90.7 and 90.9% similarities, respec- 
tively). Sandarakinotalea sediminis has 88-90.1% similarity to 
members of related genera in the family Flavobacteriaceae such 
as Aquimarina, Kordia, Mesonia, and Salegentibacter. 

The four strains of Sandarakinotalea sediminis isolated so far 
share DNA-DNA reassociation values of 67-99% with each 
other. 
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List of species of the genus Sandarakinotalea 


1. Sandarakinotalea sediminis Khan, Nakagawa and Harayama 
2006c, 962°" 


se.di.mi'nis. L. gen. n. sediminis of sediment. 


The characteristics are as given for the genus, with the 
following additional features. Cells may form filaments 
5-10 pm in length after incubation for 6 or 7 d. Colonies 
are circular or irregular. Growth is supported by 10, 30, 50, 
and 7096 (v/v) artificial seawater. Growth in 0.2x LB medium 
[2 g tryptone (Difco) and 1 g yeast extract (Difco) dissolved 
in 1,000 ml water] requires addition of NaCl and either a 
potassium or magnesium salt. Agar, cellulose, carboxym- 
ethylcellulose, chitin, esculin, and urea are not hydrolyzed. 
Indole is not produced from tryptophan. Acid is not pro- 
duced from glucose. The following substrates are oxidized 
(Biolog GN2 MicroPlate system): L-alanyl glycine, L-aspartic 
acid, a-cyclodextrin, dextrin, L-glutamic acid, glycogen, gly- 
cyl L-aspartic acid, glycyl L-glutamic acid, a-ketobutyric acid, 
a-ketovaleric acid, maltose, mannitol, monomethyl succi- 
nate, L-ornithine, L-proline, L-serine, and L-threonine. The 
following compounds are not oxidized: acetic acid, N-acetyl- 
D-galactosamine, N-acetyl-D-glucosamine, cis-aconitic acid, 
adonitol, alaninamide, p-alanine, L-alanine, y-aminobutyric 
acid, 2-aminoethanol, L-arabinose, D-arabitol, L-asparagine, 


bromosuccinic acid, 2,3-butanediol, pr-carnitine, cellobiose, 
citric acid, i-erythritol, D-fructose, formic acid, L-fucose, 
D-galactose, p-galactonic acid lactone, p-galacturonic acid, 
gentiobiose, p-gluconic acid, p-glucosaminic acid, a-p-glu- 
cose, glucose 1-phosphate, glucose 6-phosphate, glucuron- 
amide, p-glucuronic acid, glycerol, pr-o-glycerol phosphate, 
glycyl L-aspartic acid, glycyl L-glutamic acid, r-histidine, a, 
p- and y-hydroxybutyric acids, f-hydroxyphenylacetic acid, 
hydroxy-L-proline, myo-inositol, itaconic acid, o-ketoglutaric 
acid, pr-lactic acid, o-p-lactose, lactulose, L-leucine, malonic 
acid, melibiose, methyl B-p-glucoside, methylpyruvic acid, 
phenylethylamine, L-phenylalanine, propionic acid, D-psi- 
cose, putrescine, L-pyroglutamic acid, quinic acid, raffinose, 
L-rhamnose, D-saccharic acid, sebacic acid, D-serine, D-sorb- 
itol, succinamic acid, succinic acid, sucrose, trehalose, tura- 
nose, Tweens 40 and 80, urocanic acid, uridine, thymidine, 
and xylitol. Mannose is oxidized only by the type strain CKA- 
5" and inosine is oxidized only by reference strain CKA-36. 

Source: the type strain was isolated from marine sediment 
collected on the Pacific Ocean coast at Katsuura, Japan. 

DNA G+C content (mol96): 35-37 (HPLC). 

Type strain: CKA-5, LMG 23247, NBRC 100970. 

Sequence accession no. (16S rRNA gene): AB206954. 


Genus XLVIII. Sediminicola Khan, Nakagawa and Harayama 2006b, 843"? 


THE EprroniAL BoARD 


Se.di.mi.ni.co'la. L. n. sedimen -inis sediment; L. masc. suff. -cola (from L. n. incola) an inhabitant; N.L. 
masc. n. Sediminicola an inhabitant of sediment, referring to the source of the strains. 


Rods, 0.5-0.7 x 3-5 um. Nonmotile. Gram-stain-negative. Colo- 
nies are golden-yellow. Flexirubin-type pigments are not pro- 
duced. Aerobic. Catalase-positive. Weakly positive for oxidase. 
Growth occurs at 10-30*C; optimum, 20°C. Growth occurs in 
10-100% strength artificial seawater; NaCl alone is not suffi- 
cient to support growth. Nitrate is reduced. Gelatin, casein, 
and starch are hydrolyzed. Predominant cellular fatty acids are 
Ciso iso, C,,, anteiso, C,., iso, C,,., iso 9c, C,,, iso 3-OH, and 
summed feature 3 (C,,, iso @7c/i-C,,, 2-OH). Pentadecanoic 
acid (C...) is absent. Isolated from sediments collected on the 
shores of the Pacific Ocean and the Sea of Japan. 

DNA G+C content (mol 96): 38—40. 

Type species: Sediminicola luteus Khan, Nakagawa and 
Harayama 2006b, 843", 


Enrichment and isolation procedures 


Isolation can be accomplished on marine agar 2216 (Difco). 
Cultures are grown at 20°C. Long-term preservation can be 


achieved by storing the organisms at -80°C in artificial seawater 
containing 2096 (v/v) glycerol. 


Differentiation of the genus Sediminicola from other genera 


Sediminicola strains can be differentiated phenotypically from 
those of other genera by the following combination of features: 
the ability to reduce nitrate; the ability to degrade gelatin, 
casein, and starch; and a lack of pentadecanoic acid (C,..). 


Taxonomic comments 


Analysis of 16S rRNA gene sequences indicates that members of 
the genus Sediminicola have 87.9-90.5% sequence similarity to 
those of the following genera: Arenibacter, Maribacter, Muricauda, 
Robiginitalea, Ulvibacter, Vitellibacter, and. Zobellia. 

The four Sediminicola luteus strains isolated so far exhibit 
99.3-99.7% rRNA gene sequence similarity to one another. 
They also show DNA-DNA reassociation values of 93-104% 
with each other. 


List of species of the genus Sediminicola 


1. Sediminicola luteus Khan, Nakagawa and Harayama 2006b, 
843" 


Iu'te.us. L. masc. adj. luteus golden yellow, because the colony 
color is golden yellow. 


The characteristics are as described for the genus, with 
the following additional features. Seven-day-old cells form 


filaments of 5-10 pm. Gelatin, casein, and starch are hydro- 
lyzed, but not urea, chitin, cellulose, carboxymethylcellu- 
lose, or DNA. Nitrate is reduced. Indole is not produced 
from tryptophan. Acid is not produced from glucose. The 
following compounds are oxidized (Biolog GN2 MicroPlate 
system): N-acetyl-p-galactosamine, L-aspartic acid, cellobiose, 
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a-cyclodextrin, dextrin, D-fructose, D-galactose, gentio- 
biose, o-p-glucose, glucose l-phosphate, r-glutamic acid, 
glycogen, glycyl r-aspartic acid, glycyl r-glutamic acid, DL- 
lactic acid, a-p-lactose, lactulose, maltose, p-mannitol, 
D-mannose, melibiose, methyl p-p-glucoside, r-ornithine, 
L-proline, raffinose, sucrose, L-threonine, trehalose, and 
turanose. Does not oxidize the following compounds: ace- 
tic acid, Macetyl p-glucosamine, cis-aconitic acid, adonitol, 
alaninamide, p-alanine, r-alanine, L-alanyl glycine, y-amin- 
obutyric acid, 2-aminoethanol, r-asparagine, bromosuc- 
cinic acid, 2,3-butanediol, p-arabitol, pr-carnitine, citric 
acid, p-galactonic acid lactone, p-galacturonic acid, p-glu- 
conic acid, p-glucosaminic acid, p-glucuronic acid, glyc- 
erol, DL-a-glycerol phosphate, a-, B- and y-hydroxybutyric 
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acid, phydroxyphenylacetic acid, i-erythritol, formic acid, 
L-fucose, glucose 6-phosphate, glucuronamide, inosine, 
myo-inositol, itaconic acid, r-histidine, hydroxy-L-leucine, 
a-ketoglutaric acid, a-ketovaleric acid, malonic acid, methyl 
pyruvic acid, monomethyl succinic acid, phenylethylamine, 
L-phenylalanine, propionic acid, putrescine, L-pyroglutamic 
acid, quinic acid, L-rhamnose, p-serine, L-serine, D-sorbitol, 
xylitol, p-saccharic acid, sebacic acid, succinamic acid, suc- 
cinic acid, thymidine, Tween 40, and Tween 80. 

Source: the type strain was isolated from marine sediment 
on the shore of the Sea of Japan. 

DNA G+C content (mol% ): 38-40 (HPLC). 

Type strain: CNI-3, LMG 23246, NBRC 100966. 

Sequence accession no. (16S rRNA gene): AB206957. 


Genus XLIX. Sejongia Yi, Yoon and Chun 2005b, 414’? 


Hana YI AND JoNGSIK CHUN 


Se.jong'i.a. N.L. fem. n. Sejongia named after the King Sejong Station, where the type species was 


isolated. 


Rods with parallel sides and rounded ends, generally 0.4— 
0.5 x 1.0-3.1 pm. Gram-stain-negative. Spores are not formed. 
Nonmotile. Do not glide or spread. Aerobic, exhibiting 
only weak growth under microaerobic and anaerobic condi- 
tions. Pychrotolerant, with optimum growth temperatures of 
19-22*C. Optimum growth is observed at pH 7-8 and in 0% 
NaCl. Growth occurs on R2A, Anacker and Ordal’s agar (AOA), 
nutrient agar (NA) and tryptic soy agar (TSA), but not on cet- 
rimide or MacConkey agars. Colonies are convex, translucent, 
circular, glistening, butyrous, and yellow with entire margins, 
becoming mucoid after prolonged incubation on R2A. Do not 
adhere to agar plates. Catalase- and oxidase-positive. Congo 
red is not adsorbed. The maximum absorption peak of the yel- 
low pigment in ethanolic extracts is at 452 nm and the next 
shoulder peak is at 480 nm. No flexirubin-type pigments are 
produced. Acid is produced aerobically or fermentatively from 
some carbohydrates. The major isoprenoid quinone is MK-6. 
The predominant cellular fatty acids are C,, iso (12.2-13.6%), 
C,,,, anteiso (15.2-24.2%), and C, iso @9c (8.6-21.3%). 

DNA G+C content (mol % ): 34-36. 

Type species: Sejongia antarctica Yi, Yoon and Chun 2005b, 
414%", 


Further descriptive information 


Based on 16S rRNA gene sequence analysis, the genus is phy- 
logenetically related to the genera Bergeyella, Chryseobacteriwm, 
Kaistella, and Riemerella in the family Flavobacteriaceae. See Taxo- 
nomic comments section for detailed information. Differential 
characteristics for the species are given in Table 67 and other 
characteristics are given in Table 68. 


Fatty acids. The dominant fatty acids in Sejongia antarctica 
are G... iso, Ci; anteiso, and C,,, iso @9c those in Sejongia 
jeonii are C,., iso and C,,, anteiso. Fairly large differences in 
the amount of C,., anteiso (15.2% vs 24.2%) and C,,, iso 9c 
(21.3% vs 8.6%) are found between Sejongia antarctica and Sejon- 
gia jeonii. Overall, the fatty acid compositions of Sejongia spe- 
cies are similar to those of phylogenetically related species, but 
they differ from them somewhat in quantities. This may result 


from different growth media and the low growth temperature 
of Sejongia spp. compared with other mesophilic species. The 
full fatty acid composition of Sejongia antarctica is C,,, iso 9c 
(21.3%), Ciso anteiso (15.2%), C, iso (13.6%), C., anteiso A 
(6.6%), Ciz iso 3-OH (5.6%), Cis iso 3-OH (5.1%), Ca, iso ,, 
(3.6%), C,,,, 2-OH (3.3%), C,,,, anteiso (3.2%), Cis iso (2.8%), 
summed feature 3 (C,., iso 2-OH and/or C,,, @7¢/t) (2.7%), 
Ciso (2.696), Ciao iso (2.5%), C,,,, anteiso 9c (2.5%), Ciz 2-OH 
(1.9%), C,,, iso (1.5%), and C,,, «5c (1.5%); trace amounts 
(less than 1% of total fatty acids) of C., iso 3-OH, Cs., 3-OH, 
ECL (equivalent chain-length, i.e., the identity of the fatty 
acids is unknown) 13.566, C., iso F, Cio so, C,,, iso 3-OH, 
ECL 16.580, and C,,., @8c are also present. The full fatty acid 
composition of Sejongia jeonii is C, anteiso (24.2%), C,., iso 
(12.2%), C,., iso y (9.1%), Ciso iso 3-OH (9.0%), C., iso 9c 
(8.6%), Cisa iso (5.796), C,,, iso (5.0%), C, iso 3-OH (4.4%), 
Cs anteiso (3.6%), C,,,, iso (2.9%), summed feature 3 (2.6%), 
Cisa 2-OH (2.396), C}, anteiso «9c (1.9%), Cs, 9-OH (1.9%), 
Ciso (1.5%), C,,, iso 3-OH (1.396), and C,,, iso (1.0%); trace 
amounts of C,., 5c C,,, iso 3-OH, ECL 16.580, C., @6c ECL 
13.566, and C,,, are also present. 


17:0 


14:0 


TABLE 67. Characters useful for differentiation of the species of 
Sejongia* 


Š 

E "s 

s = 

° ER 
Characteristic wa wa 
Growth at 30°C - + 
Elastinase - t 
Lecithinase w + 
L-Tyrosine hydrolysis del = 
Fermentative acid production from D-mannose ú + 
Cs anteiso (% of total fatty acids) 15 24 
C,,,, iso @9c (% of total fatty acids) 21 9 
DNA G+C content (mol%) 34 36 


“Symbols: +, positive; —, negative; w, weak; del, delayed. 
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TABLE 68. Other characteristics of Sejongia species’ 


FAMILY |. FLAVOBACTERIACEAE 


Characteristic 


S. antarctica S. jeonii 


Yellow pigment 


+ + 


Flexirubin production, Congo red adsorption, NaCl requirement, growth on cetrimide/ = = 
MacConkey agars, nitrate and nitrite reduction, H,S production, alkaline reaction on 


Christensen’s citrate 
Relation to oxygen 
Temperature range (optimum) (°C) 
Growth on R2A/AOA/NA/TSA 
Catalase, oxidase 
Indole production 


Amylase, caseinase, esculinase, DNase, gelatinase, L-phenylalanine deaminase, Tweenase 


Aerobic 
4-31 (22) 


Aerobic 
4-28 (19) 


+ + + + 
+ + + + 


Agarase, alginase, arginine dihydrolase, B-galactosidase, cellulase, chitinase, pectinase, urease _ _ 


API ZYM results: 


Alkaline phosphatase, esterase lipase (C8), leucine arylamidase, valine arylamidase, acid + + 


phosphatase, naphthol-AS-BI-phosphohydrolase, o-glucosidase 


Esterase (C4), lipase (C14), cystine arylamidase, trypsin, a-chymotrypsin, a-galactosidase, 


P-galactosidase, B-glucuronidase, B-glucosidase, N-acetyl-B-glucosaminidase, o-mannosidase, 


a-fucosidase 
Oxidative acid production from: 
Dp-Glucose, maltose 


L-Arabinose, p-cellobiose, D-fructose, lactose, D-mannitol, p-raffinose, L-rhamnose, D-salicin, _ _ 


sucrose, p-trehalose, p-xylose 
Fermentative acid production from: 
n-Glucose, maltose, starch, glycogen 


Glycerol, erythritol, p-arabinose, L-arabinose, D-ribose, D-xylose, L-xylose, D-adonitol, methyl B-p- _ _ 
xylopyranoside, D-galactose, D-fructose, L-sorbose, L-rhamnose, dulcitol, inositol, p-mannitol, 
p-sorbitol, methyl a-b-mannopyranoside, methyl a-p-glucopyranoside, N-acetylglucosamine, 
amygdalin, arbutin, esculin ferric citrate, salicin, cellobiose, p-lactose (bovine origin), 
melibiose, sucrose, trehalose, inulin, melezitose, raffinose, xylitol, gentiobiose, turanose, 
D-lyxose, tagatose, D-fucose, L-fucose, p-arabitol, L-arabitol, potassium gluconate, potassium 


2-ketogluconate, potassium 5-ketogluconate 
Major fatty acids 


Isoprenoid quinone 


C iso iso, Cj,, anteiso, C, iso, C; anteiso 
C,,,, iso 9c 


MK-6 MK-6 


‘Symbols: +, positive; -, negative. 


Colonial characteristics. Freshly grown cells are catalase- 
and oxidase-positive. Colonies of Sejongia appear convex, trans- 
lucent, circular, glistening, and butyrous with entire margins; 
they then become mucoid after prolonged incubation and do 
not adhere to the agar. The colonial color is bright to pale yel- 
low depending on growth media. The maximum absorption 
peak of the yellow pigment in ethanolic extracts is at 452 nm 
and the next shoulder peak is at 480 nm. Flexirubins are not 
detected from a bathychromatic shift test of the absorption 
peak or from a color change test of cell mass by addition of 
KOH solution. 


Motility. Gliding motility is not observed by direct micro- 
scopic examination of the edge of colonies in exponential phase 
on AOA agar (Anacker and Ordal, 1955), R2A medium (Rea- 
soner and Geldreich, 1985), and CY agar (casitone, 3 g; yeast 
extract, 1 g; CaCl,-2H,O, 1 g; sea salts, 40 g; agar, 15 g; distilled 
water, 1 1) plates. Cellular motility is not observed by the hanging 
drop technique for cells in exponential phase in R2A and CY 
broth. Congo red is not adsorbed by directly flooding colonies 
on agar plates with 0.01% aqueous Congo red solution. 


Nutrition and growth conditions. Maximum growth 
is observed on R2A and abundant growth is observed on 
AOA, NA, and TSA. No growth is observed on cetrimide or 


MacConkey agars. The organisms are aerobic and grow poorly 
under microaerobic conditions [with 5-15% O, and 5-12% 
CO, created by the Campy Pak Plus system (BBL)] and anaer- 
obic conditions [with 4-10% CO, created by the GasPak Plus 
system (BBL)]. Microaerobic growth is better than anaerobic 
growth. Growth is observed at pH 6-11 (optimum pH 7-8) and 
0-3% NaCl (optimum 0%). The temperature range for growth 
determined by a temperature-gradient incubator (TVS 126MA; 
Advantec) in R2A broth is 5-30°C. Cardinal temperature plots 
based on the Ratkowsky temperature growth model (Ratkowsky 
et al., 1983) are given in Figure 50. The notional minimum, 
optimum, and maximum growth temperatures for Sejongia 
antarctica are —16.6, 18.9, and 28.2°C and those for Sejongia 
jeonii are —10.9, 21.5, 30.9°C, respectively. According to Isaksen 
and Jorgensen (1996) who defined psychrotolerant bacteria 
as those that are able to grow at <0°C, but not at >35°C and 
have temperature optima at <25°C, the two Sejongia species are 
psychrotolerant. 


Metabolism and metabolic pathways. Neither nitrate nor 
nitrite is reduced. Indole is produced, but H,S is not. There 
is no alkaline reaction on Christensen's citrate agar (Chris- 
tensen, 1949). r-Phenylalanine deaminase activity is present, 
but arginine dihydrolase, f-galactosidase, and urease activities 
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FIGURE 50. Fitted Ratkowsky model of growth versus temperature data 
for Sejongia antarctica (filled circles) and Sejongia jeonii (open circles). 
vris the square root of the growth rate. 


are absent. Casein, esculin, DNA, gelatin, egg yolk, starch, and 
Tween 80 are decomposed, but agar, alginate, carboxymethyl- 
cellulose, chitin, and pectin are not. Positive reactions for both 
lecithinase and Tween esterase are delayed in Sejongia antarctica. 
L-Tyrosine is hydrolyzed weakly by Sejongia antarctica, but not by 
Sejongia jeonii. Elastin is decomposed by Sejongia jeonii, but not 
by Sejongia antarctica. None of the compounds contained in API 
20NE kits (glucose, arabinose, mannose, mannitol, N-acetylg- 
lucosamine, maltose, gluconate, caprate, adipate, malate, cit- 
rate, and phenylacetate) are assimilated as a sole carbon source. 
Alkaline phosphatase, esterase lipase (C8), leucine arylamidase, 
valine arylamidase, acid phosphatase, naphthol-AS-BI-phos- 
phohydrolase, and a-glucosidase are positive. Esterase (C4), 
lipase (C14), cystine arylamidase, trypsin, o-chymotrypsin, 
a-galactosidase, B-galactosidase, B-glucuronidase, B-glucosidase, 
Nacetyl-B-glucosaminidase, a-mannosidase, and o-fucosidase 
are negative with the API ZYM kit. Acid is produced aerobically 
from D-glucose and maltose, but not from L-arabinose, cello- 
biose, D-fructose, lactose, D-mannitol, raffinose, L-rhamnose, 
D-salicin, sucrose, trehalose, or D-xylose on the modified O/F 
agar of Leifson (1963) (casitone, 1.0 g; yeast extract, 0.1 g; 
ammonium sulfate, 0.5 g; Tris buffer, 0.5 g; phenol red, 0.01 g; 
Bacto agar, 15 g; distilled water, 1 1; adjusted to pH 7.0). Acid 
is produced fermentatively from D-glucose, maltose, starch, 
and glycogen, but not from glycerol, erythritol, p-arabinose, 
L-arabinose, p-ribose, p-xylose, L-xylose, D-adonitol, methyl B-p- 
xylopyranoside, D-galactose, D-fructose, D-mannose, L-sorbose, 
L-rhamnose, dulcitol, inositol, p-mannitol, p-sorbitol, methyl 
a-p-mannopyranoside, methyl a-p-glucopyranoside, Macetylg- 
lucosamine, amygdalin, arbutin, esculin ferric citrate, salicin, 
cellobiose, p-lactose (bovine origin), melibiose, sucrose, treha- 
lose, inulin, melezitose, raffinose, xylitol, gentiobiose, turanose, 
D-lyxose, tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, 
potassium gluconate, potassium 2-ketogluconate, or potassium 
5-ketogluconate with the API 50 CH kit using API 50 CHB/E 
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medium. Sejongia jeonii produces acid fermentatively from 
p-mannose, but Sejongia antarctica does not. 


Ecology. The two Sejongia species with validly published 
names were cold-adapted psychrotolerant bacteria isolated 
from Antarctica (Yi et al., 2005b). Sejongia antarctica and Sejongia 
jeonii were isolated from an eutrophic terrestrial environment, 
i.e., a soil and a moss sample from a penguin habitat, near the 
King Sejong Station on King George Island, Antarctica. 


Enrichment and isolation procedures 


Terrestrial samples for isolation of psychrotolerant Sejongia 
strains should be kept at a low temperature. Initial enrichment 
of samples in refrigerated liquid media at 4^C for 1-2 d may 
enhance the isolation. The enriched samples can be applied 
directly to isolation media and incubated at low temperatures 
(4-10*C) for up to 1 month. 


Maintenance procedures 


Freshly grown cultures may be maintained on agar plates at 4° C 
by monthly transfer. For long-term storage, a dense suspension 
of cells in 20% glycerol may be maintained at -80°C or may also 
be freeze-dried. 


Differentiation from closely related taxa 


Members of the genus Sejongia can be differentiated from those 
of the genus Chryseobacterium by their lack of flexirubin-type pig- 
ments, and from those of the genera Bergeyella and Riemerella by 
their yellow pigmentation. 


Taxonomic comments 


The two Sejongia species, i.e., Sejongia antarctica and Sejongia 
jeonii, show 97.7% 16S rRNA gene sequence similarity, corre- 
sponding to 31 nucleotide differences. They belong to separate 
genomic species, sharing a low DNA-DNA relatedness value 
of 27% based on slot-blot DNA-DNA hybridization (Yi et al., 
2005b). Based on 16S rRNA gene sequence similarities, the 
closest bacterial relatives of the genus Sejongia are Chryseobacte- 
rium (91.9-95.7% for Sejongia antarctica, 93.4-96.3% for Sejon- 
gia jeonii) , Elizabethkingia (92.5—93.396; 93.3-93.9%), Riemerella 
(92.6-93.0%; 92.3-93.5%), Bergeyella (92.6%; 92.5%), and Kai- 
stella (92.5%; 93.3%). This relationship between Sejongia spp. 
and other members of the above-mentioned genera is also 
highlighted in the phylogenetic tree (Figure 51), a neighbor- 
joining tree of Sejongia and related taxa based on 16S rRNA 
gene sequences. The genera Sejongia, Bergeyella, Chryseobac- 
terium, Elizabethkingia, Kaistella, and Riemerella form a mono- 
phyletic suprageneric clade in the family Flavobacteriaceae. The 
branching order within this suprageneric group and the posi- 
tion of Sejongia vary depending on the tree-making algorithm 
used. The two Sejongia species were consistently recovered as a 
robust monophyletic clade that could be differentiated from 
Chryseobacterium spp. at the time of its description (Yi et al., 
2005b). Young et al. (2005) simultaneously described a novel 
Chryseobacterium species named Chryseobacterium | formosense. 
Based on comprehensive phylogenetic analysis, Chryseobacterium 
formosenseis phylogenetically placed between Sejongia and Chry- 
seobacterium spp., although its position is not stable (Figure 51). 
Chryseobacterium formosense shows high 16S rRNA gene sequence 
similarities to both Chryseobacterium (95.3-97.4%) and Sejongia 
(95.7-96.3%) strains. The generic status of Chryseobacterium 


274 


FAMILY |. FLAVOBACTERIACEAE 


— _ Elizabethkingia miricola GTC 862" (AB071953) 
100 Elizabethkingia meningoseptica ATCC 13253! (AY336568) 


98 


Kaistella koreensis Chj707! (AF344179) 
Riemerella columbina LMG 11607! (AF181448) 
99 Bergeyella zoohelcum ATCC 43767! (M93153) 

75 Riemerella anatipestifer ATCC 11845! (U60101) 

Sejongia antarctica AT1013" (AY553293) 
Sejongia jeonii AT1047' (AY553294) 
Chryseobacterium formosense CC-H3-2 (AJ715377) 

Chryseobacterium taichungense CC-TWGS1-8' (AJ843132) 
Chryseobacterium joostei LMG 18212" (AJ271010) 
Chryseobacterium shigense GUM-Kaji" (AB193101) 
Chryseobacterium vrystaatense R-23566! (AJ871397) 
Chryseobacterium gleum ATCC 35910! (M58772) 
Chryseobacterium indologenes ATCC 29897! (M58773) 

Chryseobacterium defluvii B2" (AJ309324) 

Chryseobacterium daecheongense CPW406' (AJ457206) 
Chryseobacterium indoltheticum ATCC 27950! (M58774) 
Chryseobacterium scophthalmum LMG 13028! (AJ271009) 
Chryseobacterium balustinum ATCC 33487! (M58771) 


100 


99 


0.05 


FIGURE 51. Neighborjoining tree of the genus Sejongia and related taxa based on 16S rRNA gene sequences. 
Numbers at nodes are percentages of bootstrap support (25096) from 1000 resampled datasets. Filled circles indicate 
that the corresponding nodes (groupings) were also recovered in maximum-likelihood and maximum-parsimony 
trees. Flavobacterium aquatile (M62797), Ornithobacterium rhinotracheale (U87101), Empedobacter brevis (D14022), and 
Weeksella virosa (M93152) were used as outgroups (not shown). The manual sequence alignment based on bacterial 


16S rRNA secondary structure and phylogenetic analysis was performed using the program JPHYDIT (Jeon et al., 


2005). Bar = 0.05 nt substitution per position. 


formosense should be re-evaluated using additional physiologi- 
cal and chemotaxonomic properties. 

Although the genus Sejongia forms a distinct monophyletic 
clade within the suprageneric group containing the genera 
Bergeyella, Chryseobacterium, Elizabethkingia, Kaistella, and Riemer- 
ella, the distinctness of the generic status of Sejongia has become 
less clear by the addition of Chryseobacterium formosense. Because 
Sejongia and Chryseobacterium formosense were validly published 


simultaneously (Yi et al., 2005b; Young et al., 2005), the rela- 
tionship between these two taxa was not reported at the time 
of their description. However, Sejongia spp. and Chryseobacterium 
Jormosense can be easily differentiated at the genus level by the 
presence of flexirubin. Chryseobacterium formosense, like all chry- 
seobacteria, has flexirubin, but Sejongia species do not. The taxo- 
nomic status of Chryseobacterium formosense should be re-evaluated 
with additional phenotypic and genotypic methods in future. 


List of species of the genus Sejongia 


1. Sejongia antarctica Yi, Yoon and Chun 2005b, 414% 


ant.arc'ti.ca. L. fem. adj. antarctica southern, and by exten- 
sion of or belonging to Antarctic, the geographical origin of 
the type strain. 


Cells are approximately 1.0-3.1 x 0.4-0.5 pm. Grows at 
4—28°C with notional optimum of 18.9*C. Does not decom- 
pose elastin. Hydrolyzes L-tyrosine weakly. Does not produce 
acid fermentatively from p-mannose. 

Source: the type strain was isolated from a soil sample 
of penguin habitats near the King Sejong Station on King 
George Island, Antarctica. 

DNA G+C content (mol96): 34 (HPLC). 

Type strain: AT1013, IMSNU 14040, KCTC 12225, JOM 
12381. 

Sequence accession no. (16S rRNA gene): AY553293. 


2. Sejongia jeonii Yi, Yoon and Chun 2005b, 414V* 


je.on'i.. N.L. gen. masc. n. jeonii of Jeon, named in honor 
of the late Jae Gyu Jeon, who devoted his life to polar 
research. 

Cells are approximately 1.0-3.1 x 0.4-0.5 pm. Grows at 
4—31°C with notional optimum of 21.5*C. Decomposes elas- 
tin. Does not hydrolyze r-tyrosine. Produces acid fermenta- 
tively from D-mannose. 

Source: the type strain was isolated from a moss sample 
of penguin habitats near the King Sejong Station on King 
George Island, Antarctica. 

DNA G+C content (mol % ): 36 (HPLC). 

Type strain: AT1047, IMSNU 14049, KCTC 12226, JCM 
12382. 

Sequence accession no. (16S rRNA gene): AY553294. 
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Genus L. Stenothermobacter Lau, Tsoi, Li, Plakhotnikova, Dobretsov, Wu, Wong, Pawlik and Qian 2006, 183"* 


THE EpiroRIAL BoARD 


Ste.no.ther.mo.bac'ter. Gr. adj. stenos narrow; Gr. adj. thermos hot; N.L. masc. n. bacter rod; N.L. masc. n. 
Stenothermobacter a rod with narrow temperature range, pertaining to the narrow temperature range that 


supports growth of the type strain. 


Rods, >2.5 pm in length with tapered ends, forming chains of 
up to four cells. Gram-stain-negative. Slow gliding motility is 
present. Colonies are orange. Flexirubin-type pigments are not 
produced. Temperature range for growth, 20.0-36.0°C; opti- 
mum, 28.0-30.0*C. Require 2.0-6.0% NaCl for growth. Strictly 
aerobic. Chemo-organotrophic. Oxidase-positive. Catalase 
activity is very weak. Acetoin is produced, but not H,S. DNA and 
casein are not hydrolyzed. B-Galactosidase and o-glucosidase 
are produced, but not f-glucosidase. MK-6 is the only respira- 
tory quinone. Isolated from the marine sponge Lissodendoryx 
isodictyalis. 

DNA G+C content (mol % ): 41.0 

Type species: Stenothermobacter spongiae Lau, Tsoi, Li, Plak- 
hotnikova, Dobretsov, Wu, Wong, Pawlik and Qian 2006, 184°”. 


Enrichment and isolation procedures 


Stenothermobacter spongiae was isolated from tissue of the marine 
sponge Lissodendoryx isodictyalis on a special marine agar (SMA) 
consisting of 5.0 g peptone and 3.0 g yeast extract dissolved in 
seawater. The medium was sterilized by filtration (0.22 nm pore 


diameter) and solidified with agar. Orange colonies 2-4 mm in 
diameter were selected after 48 h at 30°C. 


Differentiation of the genus Stenothermobacter 
from related genera 


Stenothermobacter spongiae can be differentiated from Nonlabens 
tegetimcola by its gliding motility, higher DNA G+C content 
(41.0 mol% vs 33.6 mol%), inability to hydrolyze DNA, nar- 
rower temperature range for growth (20-36°C vs 12-44°C), 
and by its a-glucosidase and -galactosidase activities. It can be 
differentiated from Donghaena dokdonensis by its gliding motility, 
B-galactosidase activity, inability to hydrolyze casein, and higher 
DNA G+C content (41.0 mol% vs 36.9 mol%). 


Taxonomic comments 


Analysis of 16S rRNA gene sequences by Lau et al. (2006) indi- 
cated that the nearest neighbors of Stenothermobacter spongiae 
were the type strains of Nonlabens tegetincola (93.3% sequence 
similarity) and Donghaena dokdonensis (93.6%). The sequence 
similarity to strains of other species of the Flavobacteriaceae was 
90.946 or less. 


List of species of the genus Stenothermobacter 


1. Stenothermobacter spongiae Lau, Tsoi, Li, Plakhotnikova, 
Dobretsov, Wu, Wong, Pawlik and Qian 2006, 184V" 
spon'gi.ae. L. gen. n. spongiae of a sponge, pertaining to the 
isolation source of the type strain. 

The description is as given for the genus, with the fol- 
lowing additional features. Colonies on SMA are orange, 
circular, 2.0-4.0 mm in diameter, and convex with smooth 
surfaces and entire margins. No diffusible pigment is pro- 
duced. pH range for growth is 6.0—10.0. Acetoin is produced, 
but not indole or H,S. Nitrate is not reduced. Gelatin, starch, 
and Tweens 20, 40 and 80 are hydrolyzed, but not agar, 
casein, carboxymethylcellulose, chitin, or DNA. The follow- 
ing enzyme activities are present: acid phosphatase, alkaline 
phosphatase, f-galactosidase, a-glucosidase, o-chymotrypsin, 
cystine arylamidase, leucine arylamidase, valine arylamidase, 
esterase (C4), esterase lipase (C8), lipase (C14), trypsin, and 
naphthol-AS-BI-phosphohydrolase. No activity is found for 
Nacetyl-B-glucosaminidase, arginine dihydrolase, a-fucosi- 
dase,  o-galactosidase,  f-glucosidase, -glucuronidase, 
o-mannosidase, lysine decarboxylase, ornithine decarboxy- 
lase, tryptophan deaminase, or urease. Growth, but not acid 


production, occurs with the following sole carbon sources 
(API 20E, API 20NE, and API 50CH systems): r-arabinose, 
D-galactose, D-glucose, glycerol, p-mannitol, melibiose, D-sor- 
bitol, starch, and sucrose. The following carbon sources are 
utilized (MicroLog 3 system): acetic acid, r-alaninamide, 
L-alanine, L-alanylglycine, L-aspartic acid, L-glutamic acid, 
glycyl-L-aspartic acid, glycyl-Lt-glutamic acid, o-ketoglutaric 
acid, o-ketovaleric acid, maltose, melibiose, monomethyl 
succinate, L-ornithine, propionic acid, L-proline, raffinose, 
and sucrose. Susceptibility is exhibited toward ampicillin, 
chloramphenicol, penicillin, streptomycin, and tetracycline, 
but not to kanamycin. The predominant fatty acids (>5%) 
are Ciso anteiso, C; iso, C... iso 3-OH, C, iso 3-OH, C; 
iso 9c, and summed feature 3 (comprising C; iso 2-OH 
and/or C,., @7c) (altogether representing 76.2% of the total 
fatty acids). 

Source: the type strain was isolated from tissue of the marine 
sponge Lissodendoryx isodictyalis in the Bahamas. 

DNA G+C content (mol % ): 41 (HPLC). 

Type strain: UST030701-156, JCM 13191, NRRL B-41138. 

Sequence accession no. (16S rRNA gene): DQ064789. 


Genus LI. Subsaxibacter Bowman and Nichols 2005, 1481V? 


JOHN P. Bowman 


Sub.sa.xi.bac'ter. L. pref. sub below; L. neut. n. saxum stone; N.L. masc. n. bacter rod; N.L. masc. n. Sub- 


saxibacter bacterial rod living below stone. 


Small coccibacilli, 0.4-1.0 x 0.3-0.5 pm. Gram-stain-negative. 
Cells occur singly or in pairs. Spores and resting cells are not 
present. Gas vesicles and helical or ring-shaped cells are not 


formed. Gliding motility is present. Strictly aerobic. Oxida- 
tive metabolism. Catalase-positive. Oxidase weakly positive. 
Chemoheterotrophic. Colonies are orange due to production 
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of carotenoids. Flexirubin pigments are not produced. Sodium 
ions are required for growth. Best growth occurs in organic 
media containing seawater salts. Psychrophilic. Grows between 
-2 and 20°C, with temperature optima at 10-15°C in seawater 
or NaCl-containing media. Neutrophilic, with optimal growth 
occurring at about pH 7.5-8.0. The major fatty acids include 
C,,, iso œl0c, C, anteiso 10c, Cipo iso, Cpo anteiso, C,,, 
7c, C,,,, and C,,, 3-OH iso. The major isoprenoid quinone 
is menaquinone-6. Habitat: Antarctic quartz stone sublithic 
cyanobacterial biofilms. 

DNA G+C content (mol % ): 35. 

Type species: Subsaxibacter broadyi Bowman and Nichols 
2005, 1481V". 


15:1 


Further descriptive information 


The genus Subsaxibacter is a member of the family Flavobacte- 
riaceae and is represented currently by a single species, Sub- 
saxibacter broadyi (Bowman and Nichols, 2005). This species 
was isolated from cyanobacteria-dominated biofilm material 
obtained from the undersides of quartz stones, partially buried 
in feldfield soils of an ice-free coastal area of Antarctica (see 
the treatment of the genera Gelidibacter and Subsaximicrobium 
for more details) (Smith et al., 2000). Physiologically, the genus 
has many features that are typical of the family Flavobacteriaceae 
(Bernardet et al., 2002). Based on currently available cultiva- 
tion and molecular data (published and unpublished data from 
the National Center of Biotechnology Information; http:// 
www.ncbi.nlm.nih.gov), the genus Subsaxibacter has yet to be iso- 
lated from other saline habitats; however, a cultivation-indepen- 
dent survey of corroding concrete samples from a sewer system 
(Okabe et al., 2007) detected 16S rRNA gene sequences that 
grouped with those of Subsaxibacter. 


Isolation and maintenance procedures 


Strains of Subsaxibacter can be potentially isolated directly from 
quartz stone biofilm scrapings thoroughly suspended in a 1:10 


FAMILY |. FLAVOBACTERIACEAE 


dilution of trypticase soy broth (Oxoid) supplemented with 1% 
(w/v) NaCl. The suspension is then serially diluted onto the 
same medium containing 1.5% agar and incubated aerobically 
in the dark at 2-10°C for several weeks. Bright orange viscid col- 
onies that form slowly may be indicative of Subsaxibacter strains. 
Routine cultivation should be performed aerobically on marine 
agar 2216 at 10-15°C.The species is slow-growing compared 
to related species of the genus Subsaximicrobium and colonies 
may take up to 2 weeks to form. Strains can be maintained as 
frozen suspensions in marine broth 2216 containing 20-30% 
(v/v) glycerol at —70°C. Strains may survive for several months, 
potentially years, on thick agar marine agar 2216 plates or on 
slants, stored at 2—4°C. 


Differentiation of the genus Subsaxibacter 
from other genera 


The most useful traits for differentiating Subsaxibacterfrom other 
members of the Flavobacteriaceae include: orange pigmentation; 
lack of flexirubin pigments; ability to glide; strictly oxidative 
metabolism; inability to form acid from carbohydrates; require- 
ment for low temperatures for growth (e.g., <15-20°C) and no 
growth at 25°C; requirement for sodium ions for growth (good 
growth on sea salts-containing media); and lack of agarolytic 
activity. These basic traits can be used to readily differentiate 
Subsaxibacter from most of its relatives in the family Flavobacteri- 
aceae. Subsaxibacter strains differ from those of Subsaximicrobium, 
which share the same quartz stone habitat, in being much more 
slow-growing, forming comparatively viscid colonies, possess- 
ing a relatively narrow salinity tolerance, requiring yeast extract 
for growth, being unable to hydrolyze most macromolecules, 
and having an overall general lack of bioactivity in standard 
biochemical tests. Several other genera of the family Flavobac- 
teriaceae possess at least some proportion of the traits possessed 
by Subsaxibacter and, thus, any phenotypic-based identification 
may require 16S rRNA gene sequencing to achieve a completely 
definitive identification. 


List of species of the genus Subsaxibacter 


1. Subsaxibacter broadyi Bowman and Nichols 2005, 1481% 


broa.dy'i. N.L. gen. masc. n. broadyi of Broady, named in 
honor of P. A. Broady, an Antarctic microbiologist from New 
Zealand who pioneered the study of many Antarctic terres- 
trial biomes. 


Characteristics are as described for the genus, with the fol- 
lowing additional features. Colonies are bright orange, circu- 
lar, convex, with an entire edge and a viscid consistency on 
marine agar 2216. No growth occurs at 25*C; optimal tem- 
perature for growth, 10-15°C. Growth occurs in 0.1-1.25 M 
NaCl, with optimal growth at seawater salinities (0.3-0.4 M 
NaCl). Grows well in media containing double-strength sea 
salts (70 g/1 dehydrated sea salts), but no growth occurs with 
quadruple-strength sea salts. Does not require divalent cations 
found in seawater for growth; all salinity requirements can 
be met with NaCl. Grows well on trypticase soy agar (Oxoid) 
containing 1% (w/v) NaCl, but poor or no growth occurs 
on trypticase soy agar and nutrient agar (Oxoid). Requires 
yeast extract for growth. The following compounds are not 


utilized in a basal mineral salts medium containing yeast 
extract, a vitamin solution, and ammonium chloride: p-glu- 
cose, glycogen, maltose, sucrose, Macetyl-n-glucosamine, 
L-rhamnose, DL-arabinose, L-fucose, D-mannose, melibiose, 
salicin, acetate, propionate, valerate, caprate, adipate, sub- 
erate, citrate, DL-3-hydroxybutyrate, pr-lactate, itaconate, 
phenylacetate, L-alanine, L-proline, L-histidine, and L-serine. 
Acid production from carbohydrates is undetectable in Leif- 
son’s oxidation/fermentation medium (Leifson, 1963). Gel- 
atin and Tween 80 are hydrolyzed. Strains may also hydrolyze 
esculin. L-Tyrosine may be hydrolyzed weakly. Casein, elastin, 
starch, agar, chitin, carboxymethylcellulose, dextran, xylan, 
xanthine, uric acid, DNA, and urea are not hydrolyzed. Alka- 
line phosphatase is produced. Some strains are positive for 
glutamate decarboxylase activity. Activity not observed for 
arginine dihydrolase, lysine decarboxylase, or ornithine 
decarboxylase. H,S is not produced from L-cysteine. Indole is 
not produced. No growth occurs in the Simmons’ citrate test. 
Lipase (olive oil as the substrate) and lecithinase (egg yolk 


GENUS LII. SUBSAXIMICROBIUM 


reaction) activity is not observed. Nitrate is not reduced. 
Negative for a-arabinosidase, a-galactosidase, o-glucosidase, 
P-glucosidase, f-galactosidase, 6-phospho-f-galactosidase, 
P-glucuronidase, Macetyl-B-p-glucosaminidase, and a-fucosi- 
dase activity. Positive for arginine arylamidase, leucyl glycine 
arylamidase, phenylalanine arylamidase, leucine arylami- 
dase, tyrosine arylamidase, glycine arylamidase, histidine 
arylamidase, serine arylamidase, alanine arylamidase, and 
glutamyl glutamate arylamidase. Negative for pyroglutamate 
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arylamidase and proline arylamidase. Does not tolerate 1% 
(w/v) ox bile salts. 

Source: the type strain was isolated from cyanobacterial 
biofilms attached to the undersides of partially buried quartz 
stones found in the Vestfold Hills, an ice-free region of East 
Antarctica. 

DNA G+C content (mol % ): 35 (T, ). 

Type strain: P7, ACAM 1064, CIP 108527. 

Sequence accession no. (16S rRNA gene): AY695999. 


Genus LII. Subsaximicrobium Bowman and Nichols 2005, 1480"? 


JoHN P. BOWMAN 


Sub.sa.xi.mi.cro'bi.um. L. pref. sub below; L. neut. n. saxum stone; N.L. neut. n. microbium microbe; 
N.L. neut n. Subsaximicrobium microbe living below stone. 


Straight rod-shaped cells, 0.3—0.5 x 1-6 pm. In stationary growth 
phase cultures, cells may transform into spheroplasts, 1-3 pm 
in diameter. Gram-stain-negative. Cells occur singly or in pairs. 
Spores and resting cells are not present. Gas vesicles and helical 
or ring-shaped cells are not formed. Gliding motility is pres- 
ent. Strictly aerobic. Oxidative metabolism. Catalase-positive. 
Oxidase-positive. Chemoheterotrophic. Colonies are orange 
due to production of carotenoids. Flexirubin pigments are not 
produced. Sodium ions are required for growth. Best growth 
occurs in organic media containing seawater salts. Psychro- 
philic. Grows between -2 and 20*C, with temperature optima at 
15-20°C in seawater or NaCl-containing media. Neutrophilic, 
with optimal growth occurring at about pH 7.5-8.0. The major 
fatty acids include C,, , iso @10¢, C., anteiso o10c C,, , iso, C,, , 
anteiso, C,,, @7c, Ci; anteiso 3-OH, and C,,, iso 3-OH. The 
major isoprenoid quinone is menaquinone-6. Inhabits Antarc- 
tic quartz stone sublithic cyanobacterial biofilms. 

DNA G+C content (mol % ): 39-40. 

Type species: Subsaximicrobium wynnwilliamsii Bowman and 
Nichols 2005, 1481V*. 


Further descriptive information 


The genus Subsaximicrobium is a member of the family Flavobac- 
leriaceae, represented currently by two closely related species, 
Subsaximicrobium wynnuilliamsii and Subsaximicrobium saxinquili- 
nus (Bowman and Nichols, 2005). Both species were isolated 
from cyanobacteria-dominated biofilm material obtained from 
the undersides of quartz stones, partially buried in feldfield 
soils of an ice-free coastal area of Antarctica called the Vestfold 
Hills (latitude 78°S, longitude 68°E). The quartz stone sub- 
lithic habitat is an unusual oasis-like zone in which marine-type 
bacteria are found. Within the sublithic biofilms, these bacte- 
ria may be partially protected from the surrounding harsh soil 
conditions, i.e., regular diurnal freezing, continuous desicca- 
tion, and, during summer, relatively intense ultraviolet light 
radiation. The microbial community of quartz stone subliths, 
which includes Subsaximicrobium and species of its immediate 
relatives, Subsaxibacter and Gelidibacter, has been described using 
cultivation-dependent and -independent methods (Smith et al., 
2000). Physiologically, the genus has features that are typical 
of the family Flavobacteriaceae (Bernardet et al., 2002). The two 
species of Subsaximicrobium are quite closely related sharing up 
to 60% DNA-DNA similarity (mean 50-55%). Phenotypic tests 


differentiating the species are shown in Table 69 and are based 
on available data only. Most strains that were isolated from 
Vestfold Hills quartz stone material belonged to Subsaximicro- 
bium wynnuilliamsii (Bowman and Nichols, 2005). Based on 
currently available cultivation and molecular data (published 
and unpublished data from the National Center of Biotechnol- 
ogy Information; http://www.ncbi.nlm.nih.gov), members of 
the genus Subsaximicrobium have yet to be isolated from other 
saline habitats. The species require sodium ions for growth and 
the sublithic habitats in which they are found are located in a 
maritime locale, which suggests that they may also occur in cold 
marine waters or sea-ice. 


Isolation and maintenance procedures 


Strains can be isolated directly from quartz stone biofilm scrap- 
ings thoroughly suspended in 1:10 dilution of trypticase soy 
broth (Oxoid) supplemented with 1% NaCl. The suspension is 
then serially diluted onto the same medium containing 1.596 
agar and incubated aerobically in the dark at 2-15°C for 1-4 
weeks. Bright orange colonies that form within 1-2 weeks are 
usually indicative of Subsaximicrobium. Routine cultivation and 
storage should be performed aerobically on marine agar 2216 
at 15-20*C. Strains can be maintained as frozen suspensions in 


TABLE 69. Phenotypic characteristics that distinguish the species of 
Susbsaximicrobium? 


Phenotypic characteristic S. wynnwilliamsii S. saxinquilinus 


Pigment of cell mass Orange or Orange 
yellow-gold 

Growth on marine agar d = 
2216 at 25°C 

Arginine dihydrolase activity = + 

Casein hydrolysis d (w) + 

L-Tyrosine hydrolysis + = 

DNA hydrolysis = + 

Glutamate decarboxylase d = 
activity 

B-Glucosidase activity d + 

Growth on p-mannose _ + 

Growth on sucrose + = 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); —, 0-15% positive; w, weak reaction. 
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marine broth 2216 containing 20-30% (v/v) glycerol at —70°C. 
Strains may survive for several months, potentially years, on thick 
agar marine agar 2216 plates or on slants, stored at 2—4°C. 


Differentiation of the genus Subsaximicrobium 
from other genera 


The most useful traits for differentiating Subsaximicrobium from 
other members of the Flavobacteriaceae include orange pigmen- 
tation, lack of flexirubin pigments, ability to glide, strictly oxi- 
dative metabolism, ability to form acid from carbohydrates, 
relatively rapid growth at low temperatures (e.g., 4°C) and at 
25°C, requirement for sodium ions for growth (or good growth 
on sea salts-containing media), and lack of agarolytic activity. 


FAMILY I. FLAVOBACTERIACEAE 


These basic traits can be used to differentiate Subsaximicrobium 
from its closest relatives Subsaxibacter and Gelidibacter. Subsaxi- 
bacter differs in being much more slow-growing, forming crum- 
bling and/or viscid colonies, having a lower salinity tolerance, 
possessing a requirement for yeast extract, and being unable to 
hydrolyze casein or starch. Gelidibacter differs in that its species 
have a yellow pigment, mainly possess a lower salt tolerance (an 
exception is Gelidibacter salicanalis), and are able to form detect- 
able acid production from D-glucose. Several other genera of 
the family Flavobacteriaceae possess at least some proportion of 
the traits possessed by Subsaximicrobium; thus, any phenotypic- 
based identification is at best tentative and 16S rRNA gene 
sequencing is required for any definitive identification. 


List of species of the genus Subsaximicrobium 


l. Subsaximicrobium wynnwilliamsii Bowman and Nichols 
2005, 1481V* 


wynn.wil.li.ams'i.i. N.L. gen. masc. n. wynnuilliams of Wynn- 
Williams, named in honor of the late David Donaldson 
Wynn-Williams, British Antarctic microbiologist. 


Characteristics are as described for the genus, with the 
following additional features. Colonies are usually bright 
orange, circular, and convex, with an entire edge and a buty- 
rous consistency on marine agar 2216. A minority of strains 
may possess a golden-yellow pigmentation. Most strains 
grow poorly at 25°C; the optimal temperature for growth is 
15-20*C. Growth occurs in 0.25-2.0 M NaCl, with optimal 
growth at seawater salinities (0.3-0.4 M NaCl). Poor growth 
occurs in media containing double-strength sea salts (70 g/1 
dehydrated sea salts), and no growth occurs with quadruple- 
strength sea salts. Does not require divalent cations found 
in seawater for growth; all salinity requirements can be met 
with NaCl. Grows well on trypticase soy agar (Oxoid) con- 
taining 1% (w/v) NaCl, but poor or no growth occurs on 
trypticase soy agar and nutrient agar (Oxoid). Growth can 
occur on a mineral salts medium prepared with sea salts and 
containing ammonium chloride or sodium nitrate as the sole 
nitrogen source and p-glucose as the sole carbon and energy 
source. Other sole carbon and energy sources include glyco- 
gen, maltose, sucrose, and L-proline, but not Macetyl-p-glu- 
cosamine, L-rhamnose, DL-arabinose, L-fucose, D-mannose, 
melibiose, salicin, propionate, valerate, caprate, adipate, 
suberate, citrate, DL-3-hydroxybutyrate, DL-lactate, itaconate, 
phenylacetate, L-histidine, or L-serine. Some strains (but not 
the type strain) can grow on acetate and/or r-alanine. Acid 
production from carbohydrates is undetectable in Leifson's 
oxidation/fermentation medium (Leifson, 1963). Gelatin, 
Tween 80, esculin, starch, and r-tyrosine are hydrolyzed, 
but not agar, chitin, carboxymethylcellulose, dextran, xylan, 
xanthine, uric acid, DNA, or urea. Most strains can decom- 
pose starch and weakly decompose casein. Some strains can 
also degrade elastin. Produces alkaline phosphatase and 
a-glucosidase. Most strains possess glutamate decarboxy- 
lase activity; some strains are positive for B-glucosidase and 
weakly positive for Nacetyl-B-p-glucosaminidase. No activ- 
ity is observed for arginine dihydrolase, lysine decarboxy- 
lase, or ornithine decarboxylase. H,S is not produced from 


L-cysteine. Indole is not produced. No growth occurs in the 
Simmons’ citrate test. Lipase (olive oil as the substrate) or lec- 
ithinase (egg yolk reaction) activity is not observed. Nitrate is 
not reduced. Negative for o-arabinosidase, o-galactosidase, 
B-galactosidase, 6-phospho-f-galactosidase, B-glucuronidase, 
and a-fucosidase activity. Positive for arginine arylamidase, 
leucyl glycine arylamidase, phenylalanine arylamidase, leu- 
cine arylamidase, tyrosine arylamidase, glycine arylamidase, 
histidine arylamidase, serine arylamidase, alanine arylami- 
dase, and glutamyl glutamate arylamidase. Negative for pyro- 
glutamate arylamidase. Some strains may produce proline 
arylamidase. Does not tolerate 1% (w/v) ox bile salts. 

Source: the type strain was isolated from cyanobacterial 
biofilms attached to the undersides of partially buried quartz 
stones found in the Vestfold Hills, an ice-free region of East 
Antarctica. 

DNA G+C content (mol% ): 40 (T). 

Type strain: G#7, ACAM 1070, CIP 108525. 

Sequence accession no. (16S rRNA gene): AY693997. 


2. Subsaximicrobium saxinquilinus Bowman and Nichols 2005, 
1481” 
sax.in.qui.li'nus. L. n. saxum stone; L. masc. n. inquilinus the 
denizen; N.L. masc. n. saxinquilinus the denizen of stone. 


Characteristics are as described for the genus, with the 
following additional features. Colonies are usually bright 
orange, circular, convex, with an entire edge and a buty- 
rous consistency on marine agar 2216. No growth occurs at 
25*C or higher temperatures on marine agar 2216. Grows 
in 0.1-2.0 M NaCl, with optimal growth at seawater salini- 
ties (0.3-0.4 M NaCl). Grows well in media containing dou- 
ble-strength sea salts (70 g/l dehydrated sea salts), but no 
growth occurs with quadruple-strength sea salts. Does not 
require divalent cations found in seawater for growth; all 
salinity requirements can be met with NaCl. Grows well on 
trypticase soy agar (Oxoid) containing 1% (w/v) NaCl, but 
poor or no growth occurs on trypticase soy agar and nutrient 
agar (Oxoid). Growth can occur on a mineral salts medium 
prepared with sea salts and containing ammonium chloride 
or sodium nitrate as the sole nitrogen source and p-glucose 
as the sole carbon and energy source. Other sole carbon 
and energy sources include glycogen, D-mannose, maltose, 
and r-proline, but not Macetyl-b-glucosamine, L-rhamnose, 


GENUS LIII. TENACIBACULUM 


DL-arabinose, L-fucose, melibiose, sucrose, salicin, acetate, 
propionate, valerate, caprate, adipate, suberate, citrate, 
DL-3-hydroxybutyrate, pr-lactate, itaconate, phenylacetate, 
L-alanine, r-histidine, or L-serine. Acid production from car- 
bohydrates is undetectable in Leifson's oxidation/fermen- 
tation medium (Leifson, 1963). Casein, gelatin, Tween 80, 
esculin, starch, and DNA are hydrolyzed, but not agar, chi- 
tin, carboxymethylcellulose, dextran, xylan, xanthine, uric 
acid, r-tyrosine, elastin, or urea. Most strains can decompose 
starch and weakly decompose casein. Some strains can also 
degrade elastin. The following activities occur: alkaline phos- 
phatase, arginine dihydrolase, o-glucosidase, and B-glucosi- 
dase. No activity is observed for glutamate decarboxylase, 
lysine decarboxylase, or ornithine decarboxylase. H,S is 
not produced from L-cysteine. Indole is not produced. No 
growth occurs in the Simmons' citrate test. Lipase (olive oil 
as the substrate) or lecithinase (egg yolk reaction) activity 
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is not observed. Nitrate is not reduced. Negative for o-ara- 
binosidase, a-galactosidase, f-galactosidase, 6-phospho-f-ga- 
lactosidase, B-glucuronidase, N-acetyl-$-p-glucosaminidase, 
and a-fucosidase. Positive for arginine arylamidase, leucyl 
glycine arylamidase, phenylalanine arylamidase, leucine 
arylamidase, tyrosine arylamidase, glycine arylamidase, his- 
tidine arylamidase, serine arylamidase, alanine arylamidase, 
and glutamyl glutamate arylamidase. Negative for proline 
arylamidase and pyroglutamate arylamidase. Does not toler- 
ate 1% (w/v) ox bile salts. 

Source: the type strain was isolated from cyanobacterial 
biofilms attached to the undersides of partially buried quartz 
stones found in the Vestfold Hills, an ice-free region of East 
Antarctica. 

DNA G+C content (mol % ): 39 (T). 

Type strain: Y4-5, ACAM 1063, CIP 108526. 

Sequence accession no. (16S rRNA gene): AY693998. 


Genus LIII. Tenacibaculum Suzuki, Nakagawa, Harayama and Yamamoto 2001, 1650? 


Makoto Suzuki 


Te.na.ci.ba'cu.lum. L. adj. n. tenax -acis holding fast; L. neut. n. baculum stick; N.L. neut. n. Tenacibaculum 
rod-shaped bacterium that adheres to the surface of marine organisms. 


Rods, 1.5-30 x 0.4—0.5 pm. Ring-shaped cells and gas vesicles 
are not formed. Spores are not formed. Cells are nonflagel- 
lated. Cells are motile by gliding. Gram-stain-negative. Cells 
produce a yellow pigment that is mainly zeaxanthin. Flexiru- 
bin-type pigments are absent. Chemo-organotrophic. Aerobic. 
Catalase- and oxidase-positive. Grow well on media containing 
seawater. The major respiratory quinone is menaquinone-6. All 
strains have been isolated from marine environments. 

DNA G+C content (mol 96): 31-33. 

Type species: Tenacibaculum maritimum (Wakabayashi, Hikida 
and Masumura 1986) Suzuki, Nakagawa, Harayama and Yama- 
moto 2001, 1650Y* [Flexibacter maritimus Wakabayashi, Hikida 
and Masumura 1986, 398 emend. Bernardet and Grimont 
1989, 353; Cytophaga marina (ex Hikida, Wakabayashi, Egusa and 
Masumura 1979) Reichenbach 19892, 2044; Flexibacter marinus 
Hikida, Wakabayashi, Egusa and Masumura 1979, 427]. 


Further descriptive information 


The genus Tenacibaculum belongs to the family Flavobacteriaceae 
and is closely related to the genus Polaribacter with 16S rRNA 
gene sequence similarities between strains of these species of 
91.0-93.3% (Figure 52). 16S rRNA gene sequence similarities 
between strains of Tenacibaculum species are 93.3-98.5%. 

The cells are rod-shaped and often elongate to 10-30 pm 
and sometimes up to 100 pm. Pleomorphism is not usually 
observed, but spherical cells are observed in aged cultures. 

The dominant cellular fatty acids are the branched-chain 
unsaturated fatty acid C... iso and hydroxylated fatty acids Cc, 
iso 3-OH, C,., iso 3-OH, and summed feature 3 (comprising 
Cso iso 2-OH and/or C,., %70). 

All species grow on media containing peptone and yeast 
extract prepared with natural or artificial seawater, such as 
marine agar 2216 (Difco). Some species are able to grow on 
media supplemented with 1-3% NaCl only. Growth is observed 
at 4—34°C. Some species can grow at 40°C, but Tenacibaculum 
ovolyticum cannot grow at 28°C or higher. 


Members of the genus Tenacibaculum are commonly found in 
marine environments. They usually attach to or associate with 
the surface of marine organisms such as fishes, macroalgae or 
microalgae, and invertebrates. 


Enrichment and isolation procedures 


Strains of the genus Tenacibaculum have been isolated from 
marine samples, particularly from the surfaces of marine organ- 
isms. Two fish-pathogenic species, Tenacibaculum maritimum and 
Tenacibaculum ovolyticum, have been isolated from the surface 
of diseased fish or fish eggs (Hansen et al., 1992; Wakabayashi 
et al., 1986). These species were isolated by direct streaking of 
external lesions, kidney tissues, or adherent epiflora of eggs 
onto agar plates. Tenacibaculum mesophilum and Tenacibaculum 
amylolyticum were isolated from homogenates of marine mac- 
roalgae or sponges (Suzuki et al., 2001). Tenacibaculum skager- 
rakense was isolated from filtered (0.8 pm pore diameter) 
seawater (Frette et al., 2004). Tenacibaculum lutimaris, Tenacibac- 
ulum litoreum, and Tenacibaculum aestuarii were isolated from 
tidal flat sediment by the dilution plating technique or by direct 
streaking onto agar plates (Choi et al., 2006; Jung et al., 2006; 
Yoon et al., 2005c). The media for isolation of these bacteria 
were standard or diluted marine agar or cytophaga agar made 
with 70-100% seawater. 


Maintenance procedures 


For temporary preservation, cultures may be stored at 4°C for 
several weeks. For long-term preservation, cultures can be kept 
in broth containing 10% glycerol at -80*C or in the gas phase 
of liquid nitrogen. Lyophilization may give satisfactory results. 


Differentiation of the genus Tenacibaculum 
from other genera 


The differentiating features of Tenacibaculum and closely related 
genera are listed in Table 70. Tenacibaculum strains can be differ- 
entiated from those of Polaribacter by cell morphology, cell mass 
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FAMILY I. FLAVOBACTERIACEAE 


96 Tenacibaculum amylolyticum NBRC 16310! (AB032505) 


0.01 (Knuc) 


84 


Tenacibaculum skagerrakense DSM 14836! (AF469612) 
Tenacibaculum lutimaris KCTC 12302! (AY661691) 

Tenacibaculum aestuarii KCTC 125691 (DQ314760) 

Tenacibaculum mesophilum NBRC 16307! (AB032501) 

Tenacibaculum litoreum KCCM 42115! (AY962294) 

Tenacibaculum ovolyticum NBRC 15947" (AB032506) 

Tenacibaculum maritimum NBRC 15946! (AB078057) 

Polaribacter dokdonensis KCTC 12392! (DQ004686) 

Polaribacter butkevichii KMM 3938T (AY189722) 

Polaribacter irgensii 23-P" (M61002) 

Polaribacter franzmannii 301" (U14586) 

Polaribacter glomeratus ATCC 43844T (M58775) 

Polaribacter filamentus 215" (U73726) 

Lutibacter litoralis KCCM 42118" (AY962293) 

Flavobacterium aquatile DSM 1132" (M62797) 


FIGURE 52. Neighbor joining tree obtained with the 16S rRNA gene sequences of strains of Tenacibaculum, Polaribacter, and Lutibacter species. 
Bootstrap values (500 resamplings) greater than 50% are indicated at the nodes. Bar = genetic distance of 0.01 (K ). 
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TABLE 70. Differential characteristics of the genus Tenacibaculum and related genera* 


Ë 
* Es 
3 
š 3 Ë. 
3 3 E 
S Š $ 
S E 
ok š = 3 
Characteristic = & J 
Cell morphology Rods Pleomorphic rods Rods 
Cell mass color Pale to bright yellow Salmon to orange Yellow 
Motility by gliding + - - 
Oxidase 4: d B 
Growth at 25°C + = £ 
Growth at pH 6 + nd - 
Degradation of casein + - nd 
Growth on pyruvate - - + 
Growth on succinate - =, de 
“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; 


nd, not determined. 


color, and growth temperature. They can also be differentiated 
from those of Lutibacter by oxidase activity and growth pH range. 


Taxonomic comments 


Tenacibaculum maritimum is a fish-pathogenic bacterium and 
some intraspecific varieties have been studied. Two major 
O-serotypes (O1 and O2) have been described in Tenacibacu- 
lum maritimum strains isolated from marine fish in Spain (Aven- 
dano-Herrera et al., 2004a). These serotypes were associated 
mainly with the host fish species (sole or turbot). Serotype O1 
contained the majority of the sole isolates, whereas serotype O2 
consisted of turbot isolates. There was an intermediate minor 
serotype, O1/O2, for Japanese strains, which were isolated from 
sea bream. In 2005, a novel O-serotype, O3, was reported from 
strains isolated from cultured sole from Portugal and south of 
Spain (Avendano-Herrera et al., 2005). 


Intraspecific diversity of Tenacibaculum maritimum was also 
studied by the randomly amplified polymorphic DNA (RAPD) 
method (Avendano-Herrera et al., 2004c). The results of RAPD 
analysis indicated there were two major groups that correlated 
strongly with the O-serotype grouping. 

Species-specific PCR primers using 165 rRNA gene sequences 
for Tenacibaculum maritimum were reported by Toyama et al. 
(1996). A nested PCR method for the specific diagnosis of 
Tenacibaculum maritimum in fish samples was reported by Aven- 
dano-Herrera et al. (2004b). 


Differentiation of species of the genus 
Tenacibaculum 


The differential characteristics of species of the genus Tenacibac- 
ulum are listed in Table 71. 


GENUS LIII. TENACIBACULUM 


TABLE 71. Differential characteristics of species of the genus Tenacibaculum?^ 
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E: " 2 
E E = š Š E Š Ë 
= š 3 š š < Ë S 
š š = š E š = š 
Characteristic = N N N N N N N 
Cell size (um) 2-30 x 0.5 2-3.5 x 0.3 2-5x0.4 2-35 x 0.3-0.5 2-10x0.5 1.5-10x0.5 2-20x0.5 2-15 x 0.5 
Gliding motility + + + + + + + - 
Growth temperature (°C) 15-34 9-41 20-35 5-40 10-39 15-40 4-25 10-40 
Sea salt requirement + = + _ = x + + 
Degradation of: 
Starch - - t t - - - t 
Gelatin - 4 + + + + + nd 
Tween 80 + + + + _ + + _ 
Nitrate reduction + _ w + M - + 
Growth on: 
Aspartate - nd - - = + - 
Proline - - t + _ + _ 
Glutamate w _ + _ _ + _ 
L-Leucine _ nd _ _ _ _ _ w 
Sucrose _ _ _ _ nd _ _ + 
DNA G+C content (mol%) 31.3-32.5 33.6 30.9 30 32.3-32.8 31.6-32.0 30.3-32.0 35.2 


*Symbols: +, >85% positive; —, 0-15% positive; v, variable; w, weak reaction; nd, not determined. 
"Data from Wakabayashi et al. (1986), Hansen et al. (1992), Suzuki et al. (2001), Frette et al. (2004), Yoon et al. (2005c), Choi et al. (2006), and Jung et al. (2006). 


List of species of the genus Tenacibaculum 


1. Tenacibaculum maritimum (Wakabayashi, 


Hikida and 


DNA G«C content (mol96): 31.3-32.5 (T). 


Masumura 1986) Suzuki, Nakagawa, Harayama and Yama- 
moto 2001, 1650"" [ Flexibacter maritimus Wakabayashi, Hikida 
and Masumura 1986, 398 emend. Bernardet and Grimont 
1989, 353; Cytophaga marina (ex Hikida, Wakabayashi, Egusa 
and Masumura 1979) Reichenbach 1989a, 2044; Flexibacter 
marinus Hikida, Wakabayashi, Egusa and Masumura 1979, 
427] 


mar.i.ti'mum. L. neut. adj. maritimum of the sea, maritime. 


The characteristics are as described for the species and as 
listed in Tables 70 and 71, with the following additional fea- 
tures. Rods, 0.5 x 2-30 nm. Spherical cells are often present. 
Cell mass color is pale yellow. Colonies have an uneven edge 
and diameters of less than 5 mm at 5 d. Microcysts are not 
formed. Growth occurs at 15-34^C, with optimum growth 
at 30°C. The pH range for growth is 5.9-8.6; no growth 
occurs at pH 5. Seawater, at least 1/3 strength, is required 
for growth. Growth occurs on Casamino acids. Nitrate is 
reduced. Gelatin, Tween 80, and DNA are hydrolyzed, but 
not starch. Esterase lipase (C8) is present (API ZYM system); 
lipase (C14), trypsin, and naphthol-AS-BI-phosphohydrolase 
activities are weakly positive. Lysis of dead cells of Escherichia 
coli is negative. L-Glutamate is utilized weakly as a carbon 
source, but citrate, L-leucine, sucrose, L-proline, and DL- 
aspartate are not utilized. 

Source: isolated from diseased red sea bream (Pagrus 
major), black sea bream (Acanthopagrus schlegeli), rock bream 
(Oplegnathus fasciatus), sole (Solea spp.) , turbot (Scophthalmus 
maximus), and gilthead (Sparus aurata). The type strain was 
isolated from a diseased red sea bream fingerling (Pagrus 
major) reared in a floating net cage offshore Ondo, Hiro- 
shima Prefecture, Japan. 


2: 


Type strain: R2, ATCC 43398, CIP 103528, CCUG 35198, 
LMG 11612, NBRC 15946, NCIMB 2154. 
Sequence accession no. (16S rRNA gene): AB078057. 


Tenacibaculum aestuarii Jung, Oh and Yoon 2006, 1580% 


aes.tu'a.ri.i. L. gen. n. aestuarii of the tidal flat, from where 
the organism was isolated. 


The characteristics are as described for the species and 
as listed in Tables 70 and 71, with the following additional 
features. Cells are 0.3 x 2.0-3.5 pm. Cell mass color is pale 
yellow. Colonies are smooth, irregular with spreading edges, 
greenish, and glistening. No growth occurs under anaerobic 
conditions on marine agar 2216 (Difco) or on marine agar 
with nitrate. Optimum pH is 7.5-8.5; weak growth occurs at 
pH 5.5; no growth at pH 5.0. No growth occurs in the pres- 
ence of more than 7% (w/v) NaCl. Growth does not occur 
in the absence of NaCl. Tyrosine and Tweens 20, 40, 60 and 
80 are hydrolyzed, but esculin, urea, hypoxanthine, and 
xanthine are not. With the API ZYM system (bioMérieux), 
alkaline phosphatase, esterase (C4), leucine arylamidase, 
valine arylamidase, a-chymotrypsin, acid phosphatase, phos- 
phohydrolase, and f*-glucosidase are present, but cystine 
arylamidase, o-galactosidase, -galactosidase, B-glucuroni- 
dase, a-glucosidase, N-acetyl-B-glucosaminidase, o-mannosi- 
dase, and a-fucosidase are absent. Peptone and tryptone 
are utilized as sole carbon and energy sources. p-Glucose, 
D-galactose, D-fructose, cellobiose, trehalose, and L-leucine 
are not utilized. Acid is not produced from p-sorbitol, myo- 
inositol, p-xylose, p-ribose, D-fructose, D-mannitol, melibiose, 
L-arabinose, melezitose, D-glucose, D-galactose, L-rhamnose, 
D-mannose, cellobiose, lactose, sucrose, maltose, trehalose, 
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or raffinose. Susceptible to cephalothin, lincomycin, olean- 
domycin, and carbenicillin, but not to polymyxin B, strep- 
tomycin, penicillin G, ampicillin, gentamicin, novobiocin, 
tetracycline, kanamycin, or neomycin. The major cellular 
fatty acids are C; iso, C,,, iso 3-OH, and summed feature 3 
(comprising C,., iso 2-OH and/or Ce @7c). 

Source: the type strain was isolated from tidal flat sediment 
at Saemankum, Pyunsan, Korea. 

DNA G+C content (mol 96): 33.6 (HPLC). 

Type strain: SMK-4, JCM 13491, KCTC 12569. 

Sequence accession no. (16S rRNA gene): DQ314760. 


. Tenacibaculum amylolyticum Suzuki, Nakagawa, Harayama 
and Yamamoto 2001, 1650" 


am.y.lo.ly'ti.cum. Gr. n. amulon starch; N.L. adj. lyticus -a -um 
(from Gr. adj. lutikos -é -on) able to loosen, able to dissolve; 
N.L. neut. adj. amylolyticum starch-dissolving. 


The characteristics are as described for the species and 
as listed in Tables 70 and 71, with the following additional 
features. Rods, 0.4 x 2-5 pm. Cell mass color is bright yellow. 
Colonies on 1/5x LBM agar (tryptone, 2.0 g; yeast extract, 
1.0 g; agar, 15 g, 1000 ml Jamarin S synthetic seawater at pH 
7.2; Suzuki et al., 2001) are circular with a spreading and 
undulating margin, a flat elevation, and 20-30 mm diam- 
eter after 5 d incubation. At least half-strength seawater is 
required for sufficient growth. Growth occurs at 19-35°C, 
with optimum growth at 30°C in liquid media. No growth 
occurs at temperatures at or below 15*C and at or above 
40°C. pH range for growth is 5.3-8.3 in liquid media. Nitrate 
is reduced weakly. Casein, starch, tyrosine, gelatin, Tween 80, 
and DNA are hydrolyzed. Growth occurs on peptone, tryp- 
tone, Casamino acids, L-proline, and r-glutamate as the sole 
carbon and nitrogen sources. 

Source: the type strain was isolated from the green alga 
Avrainvillea riukiuensisi, which was collected in Palau. 

DNA G+C content (mol % ): 31 (HPLC). 

Type strain: CIP 107214, DSM 13766, MBIC4355, NBRC 
16310. 

Sequence accession no. (16S rRNA gene): AB032505. 


. Tenacibaculum litoreum Choi, Kim, Hwang, Yi, Chun and 
Cho 2006, 639°" 


li.to.re'um. L. neut. adj. litoreum of the shore. 
lJ 


The characteristics are as described for the species and as 
listed in Tables 70 and 71, with the following additional fea- 
tures. Straight rods, 0.3-0.5 x 2-35 pm. Spherical cells are 
rare. Cell mass is pale yellow. On marine agar 2216, colonies 
are irregular with spreading edges, greenish, glistening, and 
5-10 mm in diameter after 5 d incubation at 30°C. Growth 
occurs at 5—40°C, with optimum growth at 35-40^C. pH range 
for growth is 6-10; no growth occurs at pH 5. Growth occurs 
in NaCl concentrations of 3-5% (w/v) and in sea salt con- 
centrations of 1-10% (w/v). Starch, gelatin, DNA, and Tween 
80 are hydrolyzed. Positive for nitrate reductase and gelati- 
nase, but negative for indole production, acid production 
from glucose, arginine dihydrolase, urease, hydrolysis of escu- 
lin, and B-galactosidase (API 20NE system). Alkaline phos- 
phatase, esterase (C4 and C8), leucine arylamidase, valine 
arylamidase, cystine arylamidase, trypsin, o-chymotrypsin, 
acid phosphatase, and naphthol-AS-BI-phosphohydrolase are 


FAMILY |. FLAVOBACTERIACEAE 


present, but lipase (C14), o-galactosidase, f-galactosidase, 
P-glucuronidase, a-glucosidase, f-glucosidase, Nacetyl-B- 
glucosaminidase, o-mannosidase and o-fucosidase are absent 
(API ZYM system). Growth occurs on Casamino acids, tryp- 
tone, yeast extract, peptone, L-arginine, L-ornithine, L-proline, 
and L-lysine. No growth occurs on acetate, benzoate, citrate, 
maleic acid, ethanol, glycerol, L-leucine, tartrate, pyruvic 
acid, succinate, sucrose, L-glutamate, D-ribose, DL-aspartate, 
Nacetylglucosamine, L-arabinose, D-xylose, D-fructose, D-glu- 
cose, D-mannose, trehalose, inulin, D-mannitol, p-sorbitol, 
p-salicin, raffinose, D-galactose, urea, or lactose. Major fatty 
acids are summed feature 3 (comprising C; iso 2-OH and/or 
Cis 976 19.6%), C. iso (18.8%), and C,- iso 3-OH (13.6%). 
Also contains minor amounts of C,,, @6¢(6,9,12) (1.5%) and 
summed feature 4 (C, , iso and/or C,,, anteiso B; 1.3%). 

Source: the type strain was isolated from tidal flat sediment 
in Ganghwa, Korea. 

DNA G+C content (mol % ): 30 (T). 

Type strain: CL-TF13, KCCM 42115, JCM 13039. 

Sequence accession no. (16S rRNA gene): AY962294. 


. Tenacibaculum lutimaris Yoon, Kang and Oh 2005c, 797‘? 


lu.ti.ma’ris. L. neut. n. lutum mud; L. neut. n. mare-is the sea, 
marine; N.L. gen. n. lutimaris of a mud of the sea. 


The characteristics are as described for the species and 
as listed in Tables 70 and 71, with the following additional 
features. Rods, 0.5 x 2-10 um. Cell mass color is pale yellow. 
Colonies are irregular, smooth, and glistening on marine 
agar 2216 at 30°C. Colonies are adherent to the agar surface. 
Growth occurs at 10-39°C, with optimum growth at 30-37*C. 
No growth occurs at 4°C or above 41°C. Optimum pH is 
7-8; no growth occurs at pH 4.5. Optimal growth occurs in 
the presence of 2-3% (w/v) NaCl; no growth occurs in the 
absence of NaCl. Tyrosine is hydrolyzed, but esculin, hypox- 
anthine, Tweens 20, 40 and 60, xanthine, and urea are not 
hydrolyzed. H,S is not produced. Growth under anaerobic 
conditions does not occur on marine agar. The ability to 
grow under anaerobic conditions on marine agar supple- 
mented with nitrate differs among strains (negative for type 
strain). Growth occurs on peptone, tryptone, and Casamino 
acids as sole carbon and nitrogen sources. No growth occurs 
on D-glucose, sucrose, D-ribose, DL-aspartate, L-proline, 
L-glutamate, or L-leucine. No acid is produced from r-ara- 
binose, cellobiose, D-fructose, D-galactose, D-glucose, lac- 
tose, maltose, D-mannose, melibiose, melezitose, raffinose, 
L-rhamnose, p-ribose, sucrose, trehalose, D-xylose, adonitol, 
D-sorbitol, myo-inositol, or p-mannitol. Major fatty acids are 
summed feature 3 (comprising C; iso 2-OH and/or C,,, 
07c), C, 180, Cigo iso 3-OH, Cso and C, iso -OH. 

Source: the type strain was isolated from a tidal flat on 
Daepo Beach in the Yellow Sea, 3Korea. 

DNA G+C content (mol96): 32.3-32.8 (HPLC). 

Type strain: TF-26, KCTC 12302, DSM 16505. 

Sequence accession no. (16S rRNA gene): AY661691. 


. Tenacibaculum mesophilum Suzuki, Nakagawa, Harayama 


and Yamamoto 2001, 1650% 


me.so.phi'lum. Gr. n. mesos middle; Gr. adj. philos loving; 
N.L. neut. adj. mesophilum middle (temperature)-oving, i.e., 
mesophilic. 
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The characteristics are as described for the species and 
as listed in Tables 70 and 71, with the following additional 
features. Rods, 0.5 x 1.5-10 pm. Spherical cells are rare. 
Cell mass color is yellow. Colonies on 1/5x LBM medium 
are circular with a spreading, undulating margin and a flat 
elevation, and have diameters of 40-50 mm after 5 d. Growth 
requires 1/10 strength seawater or 1% (w/v) NaCl. Growth 
occurs at 15-40*C, with optimum growth at 28-35°C in liq- 
uid media. No growth occurs at temperatures at or below 
10°C and at or above 45°C. Growth occurs at pH 5.3-9.0 
in liquid media; no growth occurs at pH 5.0. Nitrate is not 
reduced. Casein, tyrosine, gelatin, Tween 80, and DNA are 
hydrolyzed. Growth occurs on peptone, tryptone, Casamino 
acids, DL-aspartate, L-proline, and L-glutamate as sole carbon 
and nitrogen sources. Citrate, L-leucine, and sucrose are not 
used as carbon sources. 

Source: the type strain was isolated from the sponge Hal- 
ichondria okadai, which was collected in Numazu, Japan. 

DNA G+C content (mol 96): 31-32 (HPLC). 

Type strain: CIP 107215, DSM 13764, MBIC1140, NBRC 
16307. 

Sequence accession no. (16S rRNA gene): AB032501. 


7. Tenacibaculum ovolyticum (Hansen, Bergh, Michaelsen 
and Knappskog 1992) Suzuki, Nakagawa, Harayama and 
Yamamoto 2001, 1650"" (Flexibacter ovolyticus Hansen, Bergh, 
Michaelsen and Knappskog 1992, 457) 


o.vo.lyt'ic.um. L. n. ovum egg; N.L. adj. lyticus -a -um (from 
Gr. adj. lutikos -é -on) able to loosen, able to dissolve; N.L. 
neut. adj. ovolyticum egg-damaging. 

The characteristics are as described for the species and as 
listed in Tables 70 and 71, with the following additional fea- 
tures. Rods, 0.4 x 2-20 pm that occasionally grow to filaments 
70-100 pm long. Cell mass color is pale yellow. Microcysts 
are not formed. The cells exhibit gliding motility. Oxidase- 
positive. Congo red is not adsorbed. Acid is not produced 
from carbohydrates. Gelatin, tyrosine, DNA, and Tween 80 
are hydrolyzed, but not agar, starch, carboxymethylcellulose, 
cellulose, chitin, or urea. Nitrate reductase is present. H,S is 
not produced. Pigment is produced on tyrosine. Tryptone, 
Casamino acids, yeast extract, and sodium glutamate can 
serve as nitrogen sources in a medium based on artificial 
seawater; KNO, cannot be used. Ammonia is not produced. 
Arginine dihydrolase, lysine decarboxylase, and ornithine 
decarboxylase activities are negative. Citrate is not used as 


a sole carbon source. Indole is not produced. Requires 50% 
seawater for growth; alternatively, media based on artificial 
seawater containing 1-3% NaCl may be used. No high- 
viscosity extracellular polysaccharide is produced in liquid 
cultures. Growth is not stimulated by halibut egg homoge- 
nate. Growth occurs at 4^C, but not at 30°C. The following 
enzymic activities are present (API ZYM system): acid phos- 
phatase, alkaline phosphatase, esterase (C4), esterase lipase 
(C8), leucine arylamidase, valine arylamidase, and naphthol- 
AS-BI-phosphohydrolase. The following activities are absent: 
lipase (C4), cystine arylamidase, trypsin, chymotrypsin, 
a-galactosidase, f-galactosidase, B-glucuronidase, o-glucosi- 
dase, B-glucosidase, N-acetyl-B-glucosaminidase, o-mannosi- 
dase, and a-fucosidase. 

Source: the type strain was isolated from the adherent epi- 
flora of halibut eggs in Western Norway. 

DNA G«C content (mol % ): 30-32 (T). 

Type strain: EKD002, ATCC 51887, CCUG 35199, CIP 
106403, IAM 14318, LMG 13026, NBRC 15947, NCIMB 
13127. 

Sequence accession no. (16S rRNA gene): AB032506. 


. Tenacibaculum skagerrakense Frette, Jorgensen, Irming and 


Kroer 2004, 523V" 


ska.ger.rak.en'se. N.L. neut. adj. skagerrakense of or belonging 
to Skagerrak, Denmark, referring to the place of isolation. 


The characteristics are as described for the species and 
as listed in Tables 70 and 71, with the following additional 
features. Rods, 0.5 x 2-15 pm, during exponential growth. 
Spherical cells occur often in the stationary phase. Gliding 
motility is not observed. Cell mass color is yellow. Colonies 
are circular and have a spreading edge. At least 1/4-strength 
seawater is required for growth. Growth occurs in up to 
150% strength seawater. Growth occurs at 10—40*C, with 
optimum growth at 25-37*C. Resistant to temperatures up 
to 50°C. pH range, 6-9. Casein, collagen, hydroxyethylcel- 
lulose, starch, barley B-glucan, and pullulan are hydrolyzed. 
Growth occurs on sucrose, aspartate, and (weakly) r-leucine. 
Nitrate is reduced. 

Source: the type strain was isolated from the «0.8 pm frac- 
tion of a seawater sample taken from Skagerrak, Denmark, 
ata depth of 30 m 

DNA G+C content (mol 96): 35.2 (HPLC). 

Type strain: D30, ATCC BAA-458, DSM 14836. 

Sequence accession no. (16S rRNA gene): AF469612. 


Genus LIV. Ulvibacter Nedashkovskaya, Kim, Han, Rhee, Lysenko, Falsen, Frolova, Mikhailov and Bae 2004c, 121V* 


OLGA |. NEDASHKOVSKAYA AND SEUNG Bum Kim 


Ul.vi.bac’ter. N.L. fem. n. Ulva generic name of the green alga Ulva fenestrata; N.L. masc. n. bacter from Gr. 
n. bakterion rod; N.L. masc. n. Ulvibacter rod isolated from Ulva fenestrata. 


Thin rods, usually measuring 0.4-0.5 x 2.5-7.3 pm. No glid- 
ing motility occurs. Produce non-diffusible yellow-orange 
pigments. Flexirubin pigments are produced. Chemo-organ- 
otrophs. Strictly aerobic. Positive for oxidase, catalase, and 
alkaline phosphatase. Gelatin, Tweens 20 and 40, and DNA 
are hydrolyzed, but agar, alginate, casein, starch, chitin, and 
cellulose (carboxymethylcellulose and filter paper) are not 


hydrolyzed. Carbohydrates are not oxidized or utilized. Growth 
does not occur without seawater or Na*. The major respiratory 
quinone is MK-6. Marine, isolated from coastal seaweeds. 


DNA G+C content (mol 96): 36-38. 
Type species: Ulvibacter litoralis Nedashkovskaya, Kim, Han, 


Rhee, Lysenko, Falsen, Frolova, Mikhailov and Bae 2004c, 
121v 
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Further descriptive information 


Phylogenetic analysis of almost-complete 16S rRNA gene 
sequences indicate that the genus Ulvibacter forms a cluster that 
includes members of the family Flavobacteriaceae such as Cellu- 
lophaga, Arenibacter, Zobellia, Muricauda, Aequorivita, Vitellibacter, 
and Leeuwenhoekiella marinoflava (Nedashkovskaya et al., 2004c). 
The closest relatives of Ulvibacter are Cellulophaga and Leeuwen- 
hoekiella. 

The predominant cellular fatty acids are the straight-chain 
unsaturated and branched-chain unsaturated fatty acids C 
iso, C; iso, Ceo iso, C, iso 3-OH, and C, iso 3-OH. 

On marine agar 2216 (Difco), ulvibacters form regular, 
round, convex, smooth, shiny, yellow-orange colonies with 
entire edges and diameters of 2-4 mm after 48 h at 28°C. 

Ulvibacter strains grow on media containing 0.5% peptone 
and 0.1-0.2% yeast extract (Difco), prepared with natural or 
artificial seawater or supplemented with 2-3% NaCl. Good 
growth is observed on marine agar 2216. Growth occurs at 
4—36*C (optimum, 21-23°C) and with 1-6% NaCl. 

Strains of Ulvibacter are susceptible to carbenicillin, linco- 
mycin, oleandomycin, and tetracycline, and resistant to ampi- 
cillins, gentamicin, kanamycin, neomycin, polymyxin B, and 
streptomycin. 


15:0 


FAMILY I. FLAVOBACTERIACEAE 


The ulvibacters are inhabitants of coastal marine environ- 
ments. Strains have been isolated from seaweeds collected in 
the temperate latitudes. 


Enrichment and isolation procedures 


Strains of Ulvibacter have been isolated from seaweeds by direct 
plating on marine agar. Natural or artificial seawater is suitable for 
their cultivation. All isolated strains have been grown on media 
containing 0.5% peptone and 0.1-0.2% yeast extract (Difco). 
Growth occurs at 4—36°C (optimum, 21-23*C) and with 1-6% 
NaCl. The organisms may remain viable for several weeks on 
marine agar or other rich medium based on natural or artificial 
seawater. They have survived storage at -80°C for at least 5 years. 


Differentiation of the genus Ulvibacter from other genera 


Phenotypic analysis indicates that Ulvibacterstrains can be clearly 
differentiated from those of its closest relatives, Cellulophaga and 
Leeuwenhoekiella, by production of flexirubin-type pigments and 
by an inability to oxidize carbohydrates and hydrolyze starch 
(Johansen et al., 1999; Nedashkovskaya et al., 2004c, e, 20051). 
Moreover, the absence of agarase helps to separate Ulvibacter 
from Cellulophaga, and the NaCl requirement differentiates the 
ulvibacters from Leeuwenhoekiella. 


List of species of the genus Ulvibacter 


1. Ulvibacter litoralis Nedashkovskaya, Kim, Han, Rhee, 
Lysenko, Falsen, Frolova, Mikhailov and Bae 2004c, 121W 


li.to.ra'lis. L. masc. adj. litoralis of or belonging to the sea- 
shore. 


Rod-shaped cells 0.4-0.5 x 2.5-7.3 um. On marine agar, 
colonies are 2-4 mm in diameter, circular, convex, shiny with 
entire edges, viscous, and yellow-orange in color. Growth is 
observed at 4—36^C (optimum, 21-23*C). Growth occurs at 
1-6% NaCl. Gelatin, Tweens 20 and 40, and DNA are hydro- 
lyzed. Does not hydrolyze agar, casein, alginate, starch, Tween 
80, cellulose (carboxymethylcellulose and filter paper), 
or chitin. No acid is produced from cellobiose, L-fucose, 


D-galactose, melibiose, raffinose, r-rhamnose, DL-xylose, 
adonitol, dulcitol, or glycerol. Does not utilize L-arabinose, 
D-glucose, D-lactose, D-mannose, maltose, sucrose, mannitol, 
inositol, sorbitol, malonate, citrate, N-acetylglucosamine, glu- 
conate, caprate, adipate, malate, or phenylacetate. Nitrate is 
reduced. Indole, H,S, and acetoin (Voges—Proskauer reac- 
tion) are not produced. 

Source: two strains were isolated from the green alga Ulva 
fenestrata collected in Troitsa Bay, Sea of Japan. 

DNA G+C content (mol % ): 36-38 (T). 

Type strain: KMM 3912, KCTC 12104, CCUG 47093. 

Sequence accession no. (16S rRNA gene): AY243096. 


Genus LV. Vitellibacter Nedashkovskaya, Suzuki, Vysotskii and Mikhailov 2003c, 1285" 


OLGA |. NEpAsHKOVSKAYA, MAKOTO Suzuki AND VALERY V. MIKHAILOV 


Vi.tel.li.bac'ter. L. n. vitellus egg yolk; N.L. masc. n. bacter rod; N.L. masc. n. Vitellibacter egg-yolk-colored 


rod. 


Thin rods, usually measuring 0.3-0.5 x 3-10 nm. No gliding 
motility. Produce nondiffusible, bright orange pigments. Flex- 
irubin-type pigments are formed. Chemo-organotrophs. Strictly 
aerobic. Positive for oxidase, catalase, and alkaline phosphatase. 
Gelatin, casein, DNA, and Tweens 20 and 40 are hydrolyzed, 
but agar, alginate, starch, urea, chitin, and cellulose (carboxym- 
ethylcellulose and filter paper) are not attacked. Marine, from 
coastal habitats. Growth does not occur without seawater or 
Na*. The major respiratory quinone is MK-6. The main cellular 
fatty acids are branched-chain saturated fatty acids C,, , iso and 
C; anteiso. 


15:0 


DNA G«C content (mol96): 41-42. 


Type species: Vitellibacter vladivostokensis Nedashkovskaya, 
Suzuki, Vysotskii and Mikhailov 2003c, 1285"*. 


Further descriptive information 


According to phylogenetic analysis based on 16S rRNA gene 
sequences, members of the genus Vitellibacter form a coherent 
cluster with those of the genus Aequorivita with sequence simi- 
larities of 92.9-93.6%. 16S rRNA gene sequence similarities of 
Vitellibacter vladivostokensis KMM 3516! with other closely related 
members of the family lavobacteriaceae, including members of 
the genera Ulvibacter, Leeuwenhoekiella, Robiginitalea, Arenibacter, 
Zobellia, Muricauda, and Maribacter, are less than 90.596. 


GENUS LVI. WAUTERSIELLA 


Dominant fatty acids of the genus Vitellibacter are branched- 
chain saturated fatty acids C., iso and C... anteiso. The use 
of fatty acid composition to differentiate the genus Vitellibacter 
from other members of the family Flavobacteriaceae has been dis- 
cussed by Nedashkovskaya et al. (2003c). 

On marine agar 2216 (Difco), vitellibacters form regular, 
round, convex, smooth, nontransparent, bright orange colo- 
nies with entire edges and diameters of 2-4 mm after 48 h at 
28°C. 

Strains have been grown on media containing 0.5% pep- 
tone and 0.1-0.2% yeast extract (Difco), prepared with natu- 
ral or artificial seawater or supplemented by 2-3% NaCl. Good 
growth is observed on marine agar 2216 (Difco). Growth occurs 
at 4—43°C (optimum, 28°C) and with 1-6% NaCl. 

The single available strain of the genus Vitellibacter is sus- 
ceptible to carbenicillin, lincomycin, and oleandomycin and 
resistant to ampicillins, gentamicin, kanamycin, neomycin, pol- 
ymyxin B, streptomycin, and tetracycline. 
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Vitellibacter vladivostokensis inhabits coastal marine environ- 
ments. It was isolated from the edible holothurian Apostichopus 
japonicus collected in the temperate latitudes. 


Enrichment and isolation procedures 


Vitellibacter vladivostokensis was isolated from Apostichopus japoni- 
cus by direct plating on marine agar. Natural or artificial sea- 
water is suitable for its cultivation. Vitellibacters may remain 
viable on marine agar or other rich media based on natural or 
artificial seawater for several weeks. They have survived storage 
at -80*C for at least 5 years. 


Differentiation of the genus Vitellibacter from other genera 


Vitellibacter can be differentiated from its closest relative, 
Aequorivita, by its ability to produce flexirubin-type pigments, 
grow at 43°C, and hydrolyze DNA (Bowman and Nichols, 2002; 
Nedashkovskaya et al., 2003c). 


List of species of the genus Vitellibacter 


1. Vitellibacter vladivostokensis Nedashkovskaya, Suzuki, 


Vysotskii and Mikhailov 2003c, 1285% 


vla.di.vo.sto.ken'sis. N.L. adj. vladivostokensis pertaining to 
Vladivostok, a city in Asian Russia, where the organism was 
first isolated. 


Cells are 0.3-0.5 x 3-10 pm. Flexirubin-type pigments are 
produced. Gelatin, casein, DNA, and Tweens 20 and 40 are 
hydrolyzed, but not agar, starch, alginate, urea, or Tweens 
60 and 80. No acid is formed from r-arabinose, cellobiose, 
L-fucose, D-galactose, D-glucose, p-lactose, maltose, melibiose, 
raffinose, L-rhamnose, L-sorbose, sucrose, DL-xylose, adonitol, 
dulcitol, glycerol, inositol, mannitol, sorbitol, Macetylglu- 


cosamine, or citrate. Glycerol, N-acetylglucosamine, acetate, 
citrate, malonate, tartrate, and alanine are utilized, but r-ara- 
binose, D-glucose, D-lactose, D-mannose, sucrose, inositol, 
mannitol, and sorbitol are not utilized. Nitrate is not reduced 
to nitrite. H,S and indole are not produced. The predomi- 
nant fatty acids are C,, iso (68.8%) and C,., anteiso (8.4%). 

Source: the single available strain was isolated from the 
holothurian Apostichopus japonicus collected in Troitsa Bay, 
Gulf of Peter the Great, Sea of Japan. 

DNA G+C content (mol % ): 41.3 (T, ). 

Type strain: KMM 3516, IFO 16718. 

Sequence accession no. (16S rRNA gene): AB071382. 


Genus LVI. Wautersiella Kämpfer, Avesani, Janssens, Charlier, De Baere and Vaneechoutte 2006, 2328" 


PETER KAMPFER 


Wau.ter.si.el'la. N.L. fem. dim. n. Wautersiella named after Georges Wauters, a Belgian microbiologist, who 
first recognized this group of organisms as a separate entity. 


Rods, 0.5-1.0 x 2.0-3.0 pm, with rounded ends. Nonmotile. 
Gram-stain-negative. Aerobic, having a strictly respiratory type 
of metabolism with oxygen as the terminal electron acceptor. 
Oxidase- and catalase-positive. Colonies on blood agar at 37°C 
are circular, entire, slightly convex, smooth, glistening, and 
pale beige. Some strains display yellow-pigmented colonies. 
The major cellular fatty acids are C,., iso and summed feature 
4 (Ciso iso 2-OH and/or C,,, 971). The hydroxy acids include 
the hydroxylated fatty acids C,., iso 3-OH and C,,, iso 3-OH. 
Isolated from clinical specimens. 

DNA G+C content (mol % ): 33.8-34.4. 

Type species: Wautersiella falsenii Kampfer, Avesani, Janssens, 
Charlier, De Baere and Vaneechoutte 2006, 23289". 


17:0 


Further descriptive information 


Wautersiella falsenii is described as a Gram-stain-negative nonfer- 
menting species with phenotypic characters resembling those 


of members of the genera Empedobacter and Weeksella. A total of 
26 isolates were collected between 1980 and 2004 by at least ten 
different Belgian clinical laboratories, originating from various 
human clinical samples including blood, wounds, pus, respira- 
tory tract, ear discharge, vaginal swab, and pleural fluid. 

Growth occurs on blood agar, nutrient agar (Oxoid), tryp- 
tone soy agar (Oxoid), trypticase soy broth (BBL) supplemented 
with 1.5% agar (BBL), and R2A agar (Oxoid) at 20-37°C. 


Differentiation of the genus Wautersiella 

from related genera 

Tables 72 and 73 list the main differential characteristics of the 
genera belonging to this rRNA group. 

Taxonomic comments 


16S rRNA gene sequence analyses of the type strain of Wauter- 
siella falsenii clearly place the genus in the family Flavobacteri- 
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TABLE 72. Differential biochemical characteristics of Wautersiella 
falsenii genomovars 1 and 2, Empedobacter brevis, and Weeksella virosa” 


E E ES 
s $ ë 
= = 5 š 
Sm Qn 5 g 
° = ° = E ES 
Rs Ros S S 
& z ç = S 
2885 $5 3$ 3 
SE EE x š 
SE BE £ Š 
s ae © 9 š 
Characteristic = > = > = = 
Esculin hydrolysis, 4 h + _ 
Galacturonate alkalinization + _ _ _ 
Gelatin hydrolysis, 24 h + _ + + 
B-Galactosidase (ONPG) _ d _ _ 
Casein hydrolysis within 8 h = = + = 
Urease + + _ _ 
Colistin resistance + + + _ 
Acid from glucose and maltose + + + = 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); —, 0-15% positive. 
"Data from Kampfer et al. (2006). 


FAMILY I. FLAVOBACTERIACEAE 


aceae. In phylogenetic trees, the highest similarities occur with 
strains of Empedobacter (94-95%) and Weeksella virosa. The 16S 
rRNA gene sequences of the Wautersiella falsenii isolates were 
similar to one another, but two clusters (genomovars) could 
be distinguished. The sequence similarities for the 14 isolates 
of genomovar | were 99.5-100% and the similarities for the 
12 isolates of genomovar 2 were 99.4-10096. The similarity 
between both clusters was 98.3-99.5%. The presence of two 
clearly different groups was also shown by tRNA-intergenic 
length polymorphism (tDNA-PCR) analysis, which enabled 
differentiation of the species from all other species that have 
been studied thus far with this technique (Kampfer et al., 
2006). 


List of species of the genus Wautersiella 


1. Wautersiella falsenii Kàmpfer, Avesani, Janssens, Charlier, 
De Baere and Vaneechoutte 2006, 2328V* 


fal.sen'i.i. N.L. gen. n. falsenii of Falsen, in honor of the con- 
temporary Norwegian microbiologist Enevold Falsen. 


The characteristics are as described for the genus and as 
listed in Tables 72 and 78, with the following additional fea- 
tures. The main cellular fatty acids are Cz iso, C. iso 3-OH, 
summed feature 4 (C; iso 2-OH and/or C,,, 971), and C,., 
iso 3-OH. Acid is produced from glucose and maltose oxi- 
datively. Tests for the following are positive: urease, indole 
production, alkaline phosphatase, trypsin (benzyl-arginine 
arylamidase), and pyrrolidonylaminopeptidase. The follow- 
ing are negative: citrate utilization, nitrate reduction (nitrite 
reduction is variable), lysine decarboxylase, ornithine decar- 
boxylase, and arginine dihydrolase. Gelatin hydrolysis is 
positive or weakly and delayed positive. Casein hydrolysis is 
negative or weakly and delayed positive. 

The species contains two genomovars that differ in their 
16S rRNA gene sequences and tDNA-PCR patterns. All 


genomovar 1 isolates (n = 14) display rapid hydrolysis of 
gelatin and esculin, are B-galactosidase (ONPG)-negative, 
and all except one alkalinize galacturonate. All genomo- 
var 2 isolates (n = 12) except one are negative for esculin 
hydrolysis and galacturonate alkanization and most isolates 
are p-galactosidase-positive and weakly positive for gelatin 
hydrolysis. The fatty acid profile is as described for the 
genus, with only minor differences between both genomo- 
vars (Table 73). 

Source: the type strain of the species and of genomovar 1, 
NF 9937, was isolated from a surgical wound. The reference 
strain of genomovar 2, NF 770 (=CCUG 51537=CIP 108860), 
was isolated from blood. 

DNA G+C content (mol96): 33.8-34.4 (HPLC); values for 
the type strain of genomovar 1 and the reference strain 
of genomovar 2 were 33.8 + 0.4 and 34.4 + 0.2 mol%, 
respectively. 

Type strain: NF 993, CCUG 51537, CIP 108861. 

Sequence accession no. (16S rRNA gene): AM084341. 


Genus LVII. Weeksella Holmes, Steigerwalt, Weaver and Brenner 1987, 179"? (Effective publication: Holmes, 
Steigerwalt, Weaver and Brenner 1986b, 185.) 


THE EprroniAL BoARD 


Weeks.el'la. N.L. dim. ending -ella; N.L. fem. n. Weeksella named after Owen B. Weeks for his contributions 


to the taxonomy of the genus Flavobacterium. 


Rods with parallel sides and rounded ends, typically 0.6 pm 
wide and 2-3 pm long. Intracellular granules of poly-p-hydroxy- 
butyrate are absent. Endospores are not formed. Gram-stain- 
negative. Nonmotile. Do not glide or spread. Aerobic, having 
a strictly respiratory type of metabolism. Grow at temperatures 
from 18 to 42° C. Growth on solid media is not pigmented. Cata- 
lase- and oxidase-positive. Urease-negative. Growth occurs on 
MacConkey agar and f)-hydroxybutyrate agar. Casein is digested. 
Agar is not digested. Chemo-organotrophic. Nonsaccharolytic. 
Indole is produced. Not found in the general environment, but 


seem to be parasites, saprophytes, or commensals of the inter- 
nal surfaces of man and other warm-blooded animals. 

DNA G«C content (mol % ): 35-38 (T). 

Type species: Weeksella virosa Holmes, Steigerwalt, Weaver and 
Brenner 1987, 179%? (Effective publication: Holmes, Steiger- 


walt, Weaver and Brenner 1986b, 185.). 


Further descriptive information 


Colonies are circular (diameter of 0.5-2 mm), low convex, 
smooth and shiny, with entire edges. On nutrient agar, colonies 


GENUS LVII.WEEKSELLA 


TABLE 73. Long-chain fatty acid composition of Wautersiella falsenii 
genomovars 1 and 2, Empedobacter brevis, and Weeksella virosa 


x $ EN S 
by. EP š š 
S K 38 3 E: 
26 $6 Š Š 
& Ë & Ë $ = 
Fatty acid = s = & S = 
Unknown 11.543* 1.25 + 0.15 0.88 + 0.45 nd nd 
Cs. Iso tr nd tr 
C,,,, AT 12-13 1.16+0.31 1.4 + 0.43 nd nd 
Cu @5c tr tr nd nd 
Giz, 1.38 + 0.21 1.1+0.1 nd tr 
C, 2-OH tr tr nd nd 
Unknown 13.566* 4.24 + 1.4 6.55 + 2.21 19+1.4 2 
Cz iso 31.62 +0.86 25.83+41.8 23.6+2.2 46 
Cz iso 2-OH nd nd nd 10 
C; iso 3-OH 8.2+ 2.0 5.58 + 0.58 4.8+0.7 5 
Cz anteiso nd nd tr nd 
Cs tr tr nd nd 
C,,,, 6c tr tr nd nd 
Giso 3.2 + 1.36 4.98 + 0.73 3.8 + 0.4 4 
Cico iso nd nd nd 1 
Ciso 9-OH 4.58 + 0.95 3.05 € 0.5 3.6 + 0.7 1 
Cs iso 3-OH 0.96 + 0.16 1.23 + 0.38 tr nd 
C, @5¢ 4.74 + 1.03 5.55 + 0.77 nd 1 
Unknown 16.580* 1.24 + 0.24 1.5 € 0.07 1.44€ 0.1 nd 
Ciz 2-OH tr tr tr nd 
Cz iso 1.1 + 0.45 1.23 + 0.48 tr 3 
Cz iso 3-OH 13.32 + 1.67 13.85 + 1.86 17.1£ 2.1 7 
C,,, iso O8¢ nd nd nd 5 
C,,, iso O9¢ 1.22 x 0.31 2.3 + 0.47 3.9 € 0.5 nd 
C,,, iso 6121 nd nd nd 8 
Ciao nd nd nd 1 
C, 09c nd nd nd 1 
Giss nd nd nd 2 
Summed features: nd nd nd nd 
1 1.78 + 0.19 0.83 + 0.28 nd nd 
2 tr tr nd nd 
4 13.96 +2.65 15.35 + 1.99 19.4+16 nd 
5 3.44 + 0.44 6.1 + 0.39 6.7+0.8 nd 


Fatty acid percentages amounting to less than 1% of the total fatty acids in all 
strains were not included. Means + SD are given; tr, trace (less than 1.0%); nd, 
not detected. 


"Data from Kampfer et al. (2006). 
‘Unknown fatty acid; numbers indicate equivalent chain-length. 


“Fatty acids that could not be separated by GC using the Microbial Identification 
System (Microbial ID) software were considered summed features. Summed fea- 
ture 1 contains C,., iso H and/or C}, 3-OH; summed feature 2 contains C,,, iso I 
and/or C,,, OH; summed feature 4 contains C,, iso 2-OH and/or C,,,, 071 and 
summed feature 5 contains C,,,, iso I and/or C,; , anteiso B. 

are circular, entire, mucoid, and nonpigmented after incuba- 
tion for 24 h. Nonhemolytic on 5% horse blood agar. 

Susceptible to penicillin and to most antimicrobial agents 
(Pedersen et al, 1970; Von Graevenitz, 1981). Tween 20 is 
hydrolyzed. Gelatin is hydrolyzed (by both stab and plate meth- 
ods). 

The following tests all give a negative reaction: acidity in glu- 
cose O-F medium (alkaline reaction); growth in the presence of 
0.007596 KCN; growth at 5°C; growth on cetrimide agar; reduc- 
tion of nitrate, nitrite, and selenite; hydrolysis of esculin and 
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starch; citrate utilization (Simmons! medium); malonate utili- 
zation; gluconate oxidation; phenylalanine deaminase; urease 
(Christensen's medium); opalescence on lecithovitellin agar; 
extracellular DNase; indole production (as detected by Kovacs' 
reagent); H,S production (lead acetate paper and triple-sugar 
iron agar methods); lipid inclusion granules (following growth 
on p-hydroxybutyrate); alkaline reaction on Christensen's cit- 
rate; arginine desimidase; arginine dihydrolase; lysine decar- 
boxylase; ornithine decarboxylase; 3-ketolactose formation; 
ONPG hydrolysis; acid or gas from glucose in peptone-water 
medium; acid from 10% (w/v) glucose and lactose; and acid 
production (in ammonium salt medium under aerobic condi- 
tions) from glucose, adonitol, arabinose, cellobiose, dulcitol, 
ethanol, fructose, glycerol, inositol, lactose, maltose, mannitol, 
raffinose, rhamnose, salicin, sorbitol, sucrose, trehalose, and 
xylose. 

Hydrolysis of the following substrates occurs (using API 
ZYM galleries): 2-naphthyl phosphate at pH 8.5 and at pH 
5.4; naphthol-AS-BI-phosphodiamide; —bis-(f-nitrophenyl)- 
phosphate; L-lysyl-B-naphthylamide; r-aspartyl-p-naphthylam- 
ide; r-alanyl-p-naphthylamide; pr-methionyl-p-naphthylamide; 
glycyl-glycyl-B-naphthylamide hydrobromide; glycyl-L-phe- 
nylalanyl-B-naphthylamide; glycyl-L-prolyl-B-naphthylamide; 
t-leucyl-glycyl-B-naphthylamide; o-1-glutamyl-p-naphthylamide; 
and N-carbobenzoxy-glycyl-glycy1-L-arginine-B-naphthylamide. 

No hydrolysis of the following substrates occurs (using API 
ZYM galleries): 2-naphthyl butyrate; 2-naphthyl myristate; 
L-cystyl-2-naphthylamide; N-glutaryl-phenylalanine-2-naphthyl- 


amide; 6-bromo-2-naphthyl-a-p-galactopyranoside; 2-naph- 
thyl-B-p-galactopyranoside; naphthol-AS-BI-B-p-glucuronic 
acid; 2-naphthyl-o-p-glucopyranoside;  6-bromo-2-naphthyl- 


P-»-glucopyranoside; ^ l-naphthyl-Nacetyl-B-n-glucosaminide; 
6-bromo-2-naphthyl-a-n-mannopyranoside;2-naphthyl-a-1-fucopy- 
ranoside; 6-bromo-2-naphthyl-B-p-xylopyranoside;  f-nitrop- 
henyl-a-p-xylopyranoside; ^ -nitrophenyl-f-pb-fucopyranoside; 
pnitrophenyl-B-L-fucopyranoside; —onitrophenyl-Nacetyl-a-p- 
glucosaminide; f-nitrophenyl lactoside; pnitrocatechol-sulfate; 
4-methylumbelliferyl-arabinopyranoside; 4-methyl umbellif- 
eryl-cellobiopyranoside; L-hydroxyprolyl-B-naphthylamide; y-L- 
glutamyl-B-naphthylamide; Mbenzoyl-L-leucyl-naphthylamide; 
N-carbobenzoxy-L-arginine-4-methoxy-B-naphthylamide hydro- 
chloride; and r-prolyl-B-naphthylamide hydrochloride. 

The pathogenicity of Weeksella virosa is not known. Most 
strains have been isolated from women (urine, cervix, vagina, 
Bartholin's gland cyst, blood, umbilical stump, and ear), but 
some have been isolated from the urethra, spinal fluid, and 
blood of men (Mardy and Holmes, 1988; Tatum et al., 1974). 


Enrichment and isolation procedures 


There is no specific medium for the selective isolation of Week- 
sella strains. Growth occurs on nutrient agar and blood agar. 
The organism is best identified by amplifying and sequenc- 
ing the 165 rRNA gene and comparing it with that of the type 
strain. 


Differentiation of the genus Weeksella from other genera 


The following features differentiate members of the genus 
Weeksella from those of the genus Bergeyella: ability to grow at 
42°C, ability to grow on MacConkey agar and B-hydroxybutyrate 
agar, and negative urease activity. 
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Taxonomic comments 


Phenotypic characterization by Holmes et al. (1986b) of 29 
strains of aerobic Gram-stain-negative rods previously assigned 
to CDC group IIf (Tatum et al., 1974) indicated that the strains 
form a homogeneous species; it had been suggested previously 
by Holmes and Owen (1981) that they belong to a prospective 
new genus. In addition, ten of the strains chosen for DNA- 
DNA hybridization experiments yielded reassociation values of 
96-100% (and, under stringent conditions, 77-100%) to strain 
NCTC 11634! of group IIf, indicating that the strains belonged 
to a single genospecies. There was no significant DNA-DNA 
hybridization to any other species tested (including CDC group 
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Ilj; see below). Holmes et al. (1986b) compared the phenotypic 
characteristics of group If to those of other genera of Gram- 
stain-negative nonfermenters that had similar DNA G+C con- 
tents to those of group If and they concluded that, based on 
both scientific grounds and practical considerations, the species 
should be placed in a new genus, Weeksella, as Weeksella virosa. 

Holmes et al. (1986a) also placed the strains of another CDC 
group, group Ilj, as a second species in the genus Weeksella, viz., 
Weeksella zoohelcum. However, rRNA gene sequence analysis later 
showed that the genus Weeksella was heterogeneous (Vandamme 
et al., 1994a) and Weeksella zoohelcum was placed in a new genus, 
Bergeyella, as Bergeyella zoohelcum. Thus, Weeksella virosa currently 
remains the only species in the genus Weeksella. 


List of species of the genus Weeksella 


1. Weeksella virosa Holmes, Steigerwalt, Weaver and Brenner 
1987, 179Y* (Effective publication: Holmes, Steigerwalt, 
Weaver and Brenner 1986b, 185.) 


vi.ro'sa. L. fem. adj. virosa slimy. 


Characteristics are as described for the genus. 


Source: most strains have been isolated from clinical speci- 
mens. 

DNA G+C content (mol % ): 85-38 (T. ). 

Type strain: NCTC 11634, ATCC 43766, CCUG 30538, CIP 
103040, IFO (now NBRC) 16016, LMG 12995. 

Sequence accession no. (16S rRNA gene): M93152. 


Genus LVIII. Winogradskyella Nedashkovskaya, Kim, Han, Snauwaert, Vancanneyt, Swings, Kim, Lysenko, Rohde, 
Frolova, Mikhailov and Bae 2005a, 51V? 


OLca |. NEDASHKOVSKAYA, SEUNG Bum Kim AND VALERY V. MIKHAILOV 


Wi.no.grad.sky.el'la. N.L. fem. n. Winogradskyella named after Sergey Winogradskyi, Russian soil micro- 
biologist who made great contributions to the taxonomy of bacteria of the Cytophaga-Flavobacterium- 


Bacteroides phylum. 


Rod-shaped cells, 0.4-0.6 x 1.0-1.3 pm, with rounded ends. 
Motile by gliding. Produce non-diffusible yellow carotenoid 
pigments. No flexirubin pigments are produced. Cells can 
form network-like structures. Chemo-organotrophs. Strictly 
aerobic. Oxidase-, catalase-, and alkaline phosphatase-positive. 
Arginine dihydrolase, lysine decarboxylase, ornithine decar- 
boxylase, and f-galactosidase are not produced. Gelatin and 
Tween 40 are hydrolyzed, but casein, chitin, and urea are not 
attacked. Hydrolysis of agar, gelatin, starch, DNA, and Tweens 
20 and 80 varies among species. Indole and H,S are not pro- 
duced. Nitrate is not reduced. Marine, from coastal habitats. 
Require seawater or Na* for growth. The major respiratory 
quinone is MK-6. The main polar lipid is phosphatidyletha- 
nolamine. 

DNA G+C content (mol % ): 32-37. 

Type species: Winogradskyella thalassocola Nedashkovskaya, 
Kim, Han, Snauwaert, Vancanneyt, Swings, Kim, Lysenko, 
Rohde, Frolova, Mikhailov and Bae 2005a, 52W. 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences indi- 
cates that the genus Winogradskyella forms a cluster with mem- 
bers of the family Flavobacteriaceae such as Psychroserpens, Olleya, 
Lacinutrix, Algibacter, and Gaetbulibacter. Psychroserpens burtonen- 
sis was found to be the nearest neighbor (Figure 53). These 
relationships with Winogradskyella are supported by a high boot- 
strap value and also by different tree-making algorithms. The 


low sequence similarity values between strains of Winogradskyella 
and other Cytophaga-like bacteria described to date are 85.6- 
92.1%. Winogradskyella species possess 16S rRNA gene sequence 
similarities to one another that range from 94.7 to 97.1%. The 
DNA-DNA relatedness values between the type strains of Win- 
ogradskyella species are 34-45%. 

The predominant cellular fatty acids are C 
Cio iso 5-OH, Cis 
2-OH and/or C,., 7c). 

Cells of Winogradskyella can form network-like structures or 
aggregates (Figure 54). On marine agar 2216 (Difco), Win- 
ogradskyella species form regular, round, shiny, yellow colonies 
with diameters of 2-4 mm after 48 h at 28°C. The colonies are 
usually slightly sunk in the agar. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), prepared 
with natural or artificial seawater or supplemented with 2-3% 
NaCl. Growth occurs in 1-8% NaCl, at pH 6.0-10.0, and at 
4—44°C. The optimal growth temperature is 21—25°C. 

No acid is formed from L-arabinose, D-galactose, p-lactose, 
melibiose, r-rhamnose, DL-xylose, adonitol, dulcitol, inosi- 
tol, sorbitol, or citrate. Does not utilize r-arabinose, p-lactose, 
D-sucrose, inositol, mannitol, sorbitol, malonate, or citrate. 

Strains of the genus Winogradskyella are susceptible to 
chloramphenicol and resistant to kanamycin. 

Winogradskyella species inhabit coastal marine environments. 
They have been isolated from seaweeds and sponges. 


iso, 
iso 
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GENUS LVIII. WINOGRADSKYELLA 


Winogradskyella thalassocola KMM 3907! (AY521223) 


Winogradskyella epiphytica KMM 3906" (AY521224) 


'—Winogradskyella eximia KMM 3944! (AY521225) 


Winogradskyella poriferorum UST030701-295' (AY848823) 


Psychroserpens burtonensis ACAM 188" (U62913) 


Gelidibacter algens ACAM 536" (U62914) 
0.01 


FIGURE 53. Phylogenetic tree based on the 16S rRNA gene sequences 
of the type strains of the genus Winogradskyella and representative mem- 
bers of the family Flavobaceriaceae. Bar = 0.01 substitutions per nucle- 
otide position. 
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Enrichment and isolation procedures 


Winogradskyella species were isolated from samples of seaweeds 
and sponges by direct plating on marine agar (Difco) and mod- 
ified marine agar prepared with filtered natural seawater (Lau 
et al., 2005a; Nedashkovskaya et al., 2005a). Either natural or 
artificial seawater is suitable for their cultivation. All isolated 
strains have been grown on media containing 0.5% peptone 
and 0.1-0.2% yeast extract (Difco). Winogradskyella strains may 
remain viable on marine agar or other rich media based on 
natural or artificial seawater for several weeks. They have sur- 
vived storage at -80°C for at least 5 years. 


Differentiation of the genus Winogradskyella 
from other genera 


Members of the genus Winogradskyella can be differentiated 
from those of its closest relative, Psychroserpens, by the presence 
of gliding motility, oxidase activity, and higher DNA G+C con- 
tent (32-37 mol% vs 27-29 mol%) (Bowman et al., 1997; Lau 
et al., 2005a; Nedashkovskaya et al., 2005a). The latter feature 
clearly distinguishes Winogradskyella from another relative, 
Olleya, which has a DNA G+C content of 49 mol% (Mancuso 
Nichols et al., 2005). Winogradskyella species are able to move by 
means of gliding and cannot grow with 12% NaCl, in contrast to 
members of the genus Lacinutrix (Bowman and Nichols, 2005). 
An inability to ferment p-glucose differentiates Winogradskyella 
strains from those of the genera Algibacter and Gaetbulibacter 
(Jung et al., 2005; Nedashkovskaya et al., 2004d). Moreover, 
Winogradskyella strains may be separated from those of Gaetbuli- 
bacter by the presence of gliding motility and by the absence of 
nitrate reduction. 


Differentiation of the species of the genus Winogradskyella 


Differential features of Winogradskyella species are given in 
Table 74. 


List of species of the genus Winogradskyella 


1. Winogradskyella thalassocola Nedashkovskaya, Kim, Han, 
Snauwaert, Vancanneyt, Swings, Kim, Lysenko, Rohde, Frol- 
ova, Mikhailov and Bae 2005a, 52V* 


tha.las.so.co'la. Gr. n. thalassa the sea; L. suffix -cola dweller; 
N.L. n. thalassocola a sea dweller 


Cells are 0.4-0.6 x 1.0-1.3 pm and can form network- 
like structures or aggregates. On marine agar, colonies are 
2—4 mm in diameter, circular, shiny with entire edges, yellow, 
and viscous. Growth occurs at 4—33°C. Optimal temperature 
for growth is 21-23°C. Growth is observed in 1-8% NaCl. 
No acid is produced from L-arabinose, D-galactose, p-lactose, 
melibiose, L-rhamnose, DL-xylose, citrate, adonitol, dulcitol, 
or inositol. L-Arabinose, D-lactose, sucrose, mannitol, inosi- 
tol, sorbitol, malonate, and citrate are not utilized. B-Galac- 
tosidase activity is negative. Susceptible to carbenicillin and 
lincomycin; resistant to gentamicin, neomycin, polymyxin B, 
and streptomycin. 

Source: isolated from brown alga Chorda filum, collected in 
Troitsa Bay in the Gulf of Peter the Great, Sea of Japan. 

DNA GC content (mol % ): 34.6 (T). 

Type strain: KMM 3907, KCTC 12221, LMG 22492, DSM 
15363. 

Sequence accession no. (16S rRNA gene): AY521223. 


2. Winogradskyella epiphytica Nedashkovskaya, Kim, Han, 
Snauwaert, Vancanneyt, Swings, Kim, Lysenko, Rohde, Frol- 
ova, Mikhailov and Bae 2005a, 53°” 
e.pi.phy'ti.ca. N.L. fem. adj. epiphytica (derived from Gr. epi 
on and phyt relating to plants) onto plant, pertaining to the 
original isolation from the surface of the algal fronds. 

Cells are 0.4—0.6 x 1.0-1.3 pm and can form network- 
like structures or aggregates. On marine agar, colonies are 
2—4 mm in diameter, circular, shiny with entire edges, yellow, 
and viscous. Growth occurs at 4-37°C (optimum, 23-25*C). 
Growth occurs in 1-8% NaCl. No acid is formed from r-ara- 
binose, D-galactose, p-lactose, melibiose, L-rhamnose, DL- 
xylose, citrate, adonitol, dulcitol, or inositol. Does not utilize 
L-arabinose, p-lactose, sucrose, mannitol, inositol, sorbitol, 
malonate, or citrate. B-Galactosidase activity is negative. 
Nitrate is not reduced. Susceptible to carbenicillin and linco- 
mycin. Resistant to gentamicin, neomycin, and polymyxin B. 

Source: isolated from the green alga Acrosiphonia sonderi, col- 
lected in Troitsa Bay in the Gulf of Peter the Great, Sea of Japan. 

DNA G+C content (mol % ): 35.2 (T, ). 

Type strain: KMM 3906, KCTC 12220, LMG 22491, CCUG 
47091. 

Sequence accession no. (16S rRNA gene): AY521224. 
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FIGURE 54. Scanning electron micrographs of Winogradskyella thalasso- 
cola KMM 3907! showing the rod-shaped morphology and network-like 
structures formed by cells. 


3. Winogradskyella eximia Nedashkovskaya, Kim, Han, Snau- 
waert, Vancanneyt, Swings, Kim, Lysenko, Rohde, Frolova, 
Mikhailov and Bae 2005a, 54°” 

e.ximi.a. L. fem. adj. eximia excellent. 
Cells are 0.4-0.6 x 1.0-1.3 pm and can form network- 
like structures or aggregates. On marine agar, colonies are 


2-4 mm in diameter, circular, shiny with entire edges, yellow, 
and viscous. Growth occurs in 1-596 NaCl and at 4-33?C. 


TABLE 74. Differential features of Winogradskyella species*” 


S 
S 
S = š & 

Characteristic = E E E 
H,S production - = ES - 
Acetoin production - - - n 
Degradation of: 

Agar 4 + + u 

Casein, starch - = + = 

Tween 20 = + 4 + 

Tween 80 - + = nA 

DNA E " - 4 
Growth at/in: 

37°C = + _ + 

44°C = _ — T 

896 NaCl + + E _ 
Acid formation from: 

p-Glucose, maltose + - + = 

Cellobiose + - - z 

Sucrose, mannitol - - + = 
Utilization of: 

p-Glucose, D-mannose + - + - 
Susceptibility to: 

Ampicillin - £ _ + 

Benzylpenicillin, - - u + 

streptomycin 
Oleandomycin + + = nd 
Tetracycline + E E 


DNA G+C content (mol%) 34.6 35.2 36.1 32.8 


‘Symbols: +, >85% positive; —, 0-15% positive; nd, not determined. 
"Data are taken from Nedashkovskaya et al. (2005a) and Lau et al. (20052). 


The optimal temperature for growth is 21-23*C. Does not 
form acid from L-arabinose, D-galactose, p-lactose, melibiose, 
L-rhamnose, DL-xylose, citrate, adonitol, dulcitol, or inositol. 
L-Arabinose, D-lactose, D-sucrose, mannitol, inositol, sorbitol, 
malonate and citrate are not utilized. B-Galactosidase activity 
is negative. Susceptible to lincomycin; resistant to carbenicil- 
lin, gentamicin, neomycin, and polymyxin B. 

Source: isolated from the brown alga Laminaria japonica, 
collected in the Gulf of Peter the Great, Sea of Japan. 

DNA G+C content (mol % ): 36.1 (T). 

Type strain: KMM 3944, KCTC 12219, LMG 22474. 

Sequence accession no. (16S rRNA gene): AY521225. 


. Winogradskyella poriferorum Lau, Tsoi, Li, Plakhotnikova, 


Dobretsov, Lau, Wu, Wong, Pawlik and Qian 2005a, 1591? 


porif.er.or'um. N.L. gen. pl. n. poriferorum of the phylum 
Porifera, referring to the isolation source sponge, of the phy- 
lum Porifera. 


On marine agar, colonies are 2-4 mm in diameter, convex, 
smooth, and circular with entire edges. Growth is observed 
at 12-44°C, at pH 6.0-10.0, and in 1-496 NaCl. Esculin is 
utilized as a sole carbon source, but none of the other sub- 
strates tested in the API 50CH system are utilized. In the 
API galleries (bioMérieux), the following enzyme activities 
are exhibited: a-chymotrypsin, cystine arylamidase, leucine 
arylamidase, valine arylamidase, esterase (C4), esterase 


GENUS LIX. YEOSUANA 


lipase (C8), lipase (C14), acid phosphatase, naphthol-AS- 
BI-phosphohydrolase, and trypsin. Tryptophan deaminase, 
Nacetyl-B-glucosaminidase, lysine decarboxylase, ornithine 
decarboxylase, arginine dihydrolase, æ- and f-galactosidases, 
a- and B-glucosidases, p-glucuronidase, o-fucosidase, a-man- 
nosidase, and urease activities are not observed. 
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Source: isolated from the surface of the sponge Lissodendo- 
ryx isodictyalis in the Bahamas. 

DNA G+C content (mol % ): 32.8 (T). 

Type strain: UST030701-295, NRRL B-41101, JCM 12885. 

Sequence accession no. (16S rRNA gene): AY848823. 


Genus LIX. Yeosuana Kwon, Lee, Jung, Kang and Kim 2006a, 731V* 


THE EpitoriAL BoARD 


Yeo.su.a'na. N.L. fem. n. Yeosuana named after Yeosu City, where the type strain of the type species was 


isolated. 


Rods, 0.2-0.3 x 0.7-1.7 pm. Nonmotile. No gliding motility. 
Gram-stain-negative. Colonies are yellowish-brown due to caro- 
tenoid pigments. Flexirubin type pigments are not produced. 
Temperature range for growth, 23-39*C; optimum, 33-46'C. 
Requires 0.5-4.0% NaCl; optimum, 2.0%. Growth does not 
occur without supplementation with either CaCl,or MgCl,, 
even in the presence of NaCl. Yeast extract is not required for 
growth. Aerobic. Oxidase-negative. Catalase is weakly positive. 
Nitrate is not reduced. Indole and H,S are not produced. Gela- 
tin is hydrolyzed, but not urea, agar, casein, or starch. Acid is 
not produced from carbohydrates. Major cellular fatty acids 
are straight-chain and branched-chain unsaturated fatty acids. 
Major respiratory quinones are MK-5 and MK-6. 

DNA G+C content (mol% ): 51.4 (HPLC). 

Type species: Yeosuana aromativorans Kwon, Lee, Jung, Kang 
and Kim 2006a, 731%". 


Enrichment and isolation procedures 


One gram of estuarine sediment (from Gwangyang Bay, Yeosu 
City, Republic of Korea) was enriched for 2 years at 10-30*C 
in MM2 medium* supplemented with 1 mg/l each of pyrene 
and benzo(a)pyrene (BaP). After serial dilution, a sample of 
the slurry was plated onto marine agar 2216 (MA). The type 
strain of Yeosuana aromativorans was one of isolates able to grow 
on MA. 


Differentiation of the genus Yeosuana from related genera 


The DNA G4C content of Yeosuana (51.4 mol%) is much higher 
than that of members of the genera Algibacter, Bizionia, Formosa, 
Gaetbulibacter, Gelidibacter, Subsaxibacter, and Subsaximicrobium, 
whose values range from 31 to 45 mol%; moreover, unlike 
these genera, Yeosuana requires sea salts (not merely NaCl) for 
growth. Yeosuana differs from members of the genera Gelidibacter, 
Algibacter, Formosa, and Gaetbulibacter by its failure to form acid 
from carbohydrates. Gliding motility is present in Algibacter, For- 
mosa, Gaetbulibacter, Gelidibacter, Subsaxibacter, and Subsaximicro- 
bium, but does not occur in Yeosuana. Yeosuana does not hydrolyze 
agar (unlike Algibacter species), casein (unlike Bizionia and Sub- 
saximicrobium species), or starch (unlike Bizionia, Formosa, Gaetbu- 
libacter, and Subsaximicrobium species). It differs from Formosa and 
Gaetbulibacter species by its failure to reduce nitrate. 


Taxonomic comments 


Kwon et al. (2006a) reported that, by 16S rRNA gene sequence 
analysis, the closest neighbors of Yeosuana aromativorans are 
Gelidibacler algens (94.7% gene sequence similarity), Gaetbuli- 
bacter saemankumensis (94.5%), and Gelidibacter gilvus (94.4%). 
Yeosuana also has high sequence similarities to members of the 
genera Subsaximicrobium (93.3%), Subsaxibacter (93.9%), Gaetbu- 
libacter (94.5%), Algibacter (94.2%), Bizionia (93.6-94.3%), and 
Formosa (93.2%). 


List of species of the genus Yeosuana 


1. Yeosuana aromativorans Kwon, Lee, Jung, Kang and Kim 
2006a, 731%" 


a.ro.ma.ti.vo'rans. L. n. aroma -atis spice; L. part. adj. vorans 
devouring; N.L. part. adj. aromativorans degrading aromatic 
compounds. 


Characteristics are as described for the genus, with the 
following additional features. Forms yellowish-brown colo- 
nies, 1.0-1.5 mm in diameter on MA. f-Glucosidase, B-galac- 
tosidase, and protease activities are present. The following 
compounds are utilized: a-cyclodextrin, dextrin, cellobiose, 


*MM? contains 18 mM (NH,),SO,, 1 pM FeSO,-7H,O, and 100 pl of 1 M KH,PO,/ 
Na, HPO, buffer solution in 1 l aged seawater, pH 7.2. 


D-fructose, gentiobiose, o-D-glucose, a-D-lactose, maltose, 
D-mannose, sucrose, methyl pyruvate, o-ketobutyric acid, 
L-proline, glucose l-phosphate, and glucose 6-phosphate. 
The following are utilized weakly: D-galactose, a-ketoglutaric 
acid, r-alanine, L-alanyl glycine, r-asparagine, r-glutamic 
acid, glycyl L-aspartic acid, glycyl L-glutamic acid, hydroxy- 
L-proline, uridine, and r-threonine. Polycyclic aromatic 
hydrocarbons are degraded, including pyrene and BaP. The 
predominant fatty acids are C,., iso (21.7%), C,., anteiso 
(14.9%), C, 10ciso (14.8%), and C,., (10.9%). 

Source: the type strain was isolated from estuarine sedi- 
ment of Gwangyang Bay, Yeosu City, Korea. 

DNA G+C content (mol% ): 51.4 (HPLC). 

Type strain: GW1-1, JCM 12862, KCCM 42019. 

Sequence accession no. (16S rRNA gene): AY682382. 
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Genus LX. Zhouia Liu, Wang, Dai, Liu and Liu 2006, 2826"? 


THE EpiroRIAL BoARD 


Zhou'i.a. N.L. fem. n. Zhouia named after Pei-Jin Zhou, a pioneer of environmental microbiology in China. 


Rods, 0.25-0.3 x 1.3-3.0 pm. Nonmotile. No gliding motility. 
Nonsporeforming. Gram-stain-negative. Strictly aerobic. NaCl 
is required for growth. Growth occurs at 42°C. Colonies are yel- 
low to pale yellow. Catalase-positive. Oxidase-negative. Urease- 
negative. Flexirubin pigments are not produced. Nitrate is not 
reduced. Starch and gelatin are hydrolyzed, but not agar, casein, 
or Tweens 40 and 80. Acid is produced from cellobiose, but not 
glucose. Glucose and sucrose are utilized. The menaquinone 
is MK-6. The major fatty acids are C, ¿ iso, C}; iso, summed 
feature 4 (C, iso 2-OH and/or C,., 07c/1), and Cpo 

DNA G+C content (mol 96): 34.5. 

Type species: Zhouia amylolytica Liu, Wang, Dai, Liu and Liu 
2006, 2827". 


Enrichment and isolation procedures 


Strains were isolated by spreading dilutions of marine sediment 
samples onto marine agar 2216 (MA; Difco), with subsequent 
incubation at 30*C. Colonies on MA are circular, slightly raised, 


smooth, yellow to pale yellow, and 2.0-3.0 mm in diameter after 
incubation for 2 d. 


Differentiation of the genus Zhouia from related genera 


Zhouia amylolytica, the only species currently recognized, can 
be differentiated from members of the genus Coenonia by its 
requirement for NaCl, hydrolysis of gelatin, inability to hydro- 
lyze Tween 40, production of acid from cellobiose, and its lack 
of C,,, as a major cellular fatty acid. It differs from other mem- 
bers of the Flavobacteriaceae such as Aquimarina, Cellulophaga, 
Gaetbulimicrobium, Psychroflexus, and Winogradskyella by the pres- 
ence of summed feature 4 (C,., iso 2-OH and/or C,,, 07c/ D as 
a characteristic fatty acid. 


15:0 


Taxonomic comments 


Based on 16S rRNA gene sequence analysis, the nearest neigh- 
bor of the type strain of Zhouia amylolytica is Coenonia anatina 
LMG 143827, with 90.2% similarity. 


List of species of the genus Zhouia 


1. Zhouia amylolytica Liu, Wang, Dai, Liu and Liu 2006, 
2827" 
a.my.lo.ly'ti.ca. Gr. n. amylos starch; N.L. adj. lyticus from Gr. 
adj. lutikos dissolving; N.L. fem. adj. amylolytica dissolving 
starch, pertaining to the ability of the bacterium to hydro- 
lyze starch. 


The description is as given for genus, with the following 
additional features. Growth occurs at 7-42°C, with optimum 
growth at 30*C; growth does not occur at 4 or 45°C. Tempera- 
ture range for growth, 6.0-8.0; optimum, 7.2-7.4; no growth 
at pH 5.8 or 8.2. NaCl is required for growth; optimum con- 
centration, 4.5-5%; no growth occurs in >9% NaCl. The 
following compounds are utilized: acetic acid, N-acetyl-b-ga- 
lactosamine, N-acetyl-b-glucosamine, L-alanine, L-alanyl gly- 
cine, L-asparagine, L-aspartic acid, cellobiose, a-cyclodextrin, 
dextrin, D-fructose, L-fucose, D-galactonolactone, D-galactose, 
gentiobiose, D-glucose 1-phosphate, D-glucose 6-phosphate, 
L-glutamic acid, glycogen, glycyl-L-aspartic acid, glycyl-L-glu- 
tamic acid, inosine, a-ketobutyric acid, o-ketoglutaric acid, 
a-ketovaleric acid, pL-lactic acid, o-p-lactose, L-leucine, malt- 
ose, melibiose, methyl-B-p-glucoside, L-ornithine, L-proline, 
propionic acid, p-psicose, raffinose, L-rhamnose, p-sorbitol, 


succinic acid monomethyl ester, r-threonine, trehalose, 
turanose, urocanic acid, and uridine. The following com- 
pounds are not utilized: cisaconitic acid, adonitol, L-alani- 
namide, p-alanine, y-aminobutyric acid, 2-aminoethanol, 
L-arabinose, D-arabitol, bromosuccinic acid, 2,3-butanediol, 
DL-carnitine, citric acid, i-erythritol, formic acid, p-galac- 
tonic acid, p-gluconic acid, p-glucosaminic acid, glucuron- 
amide, p-glucuronic acid, glycerol, DL-o-glycerol phosphate, 
L-histidine, o-hydroxybutyric acid, B-hydroxybutyric acid, 
y-hydroxybutyric acid, myo-inositol, itaconic acid, malonic 
acid, D-mannitol, methyl pyruvate, L-phenylalanine, phe- 
nylethylamine, putrescine, L-pyroglutamic acid, quinic acid, 
D-saccharic acid, sebacic acid, D-serine, L-serine, succinamic 
acid, succinic acid, thymidine, Tweens 40 and 80, and xylitol. 
The major fatty acids are C, œ iso (24.2%), C; iso (14.9%), 
summed feature 4 (C; iso 2-OH and/or C,,, 07c/1; 10.7%), 
and C; (9.4%). 

Source: the type strain was isolated from sediment from the 
South China Sea, China. 

DNA G+C content (mol % ): 34.5 (T. ). 

Type strain: HN-171, CGMCC 1.6114, JCM 14016. 

Sequence accession no. (16S rRNA gene): DQ423479. 


Genus LXI. Zobellia Barbeyron, L'Haridon, Corre, Kloareg and Potin 2001, 993° 


OLGA |. NEDASHKOVSKAYA AND MAkoro SUZUKI 


Zo.bel'li.a. N.L. fem. n. Zobellia named after C.E. ZoBell, who isolated and characterized numerous marine 
bacteria, notably [Cytophaga] uliginosa in 1944, and for his general contribution to the taxonomy of marine 


bacteria. 


Rod-shaped cells with rounded ends, 0.3-0.5 x 1.2-8.0 nm. 
Motile by gliding. Produce non-diffusible yellow-orange carote- 
noid pigments. Flexirubin-type pigments are produced. Chemo- 
organotrophs. Strictly aerobic. The major respiratory quinone 


is MK-6. The main polar lipid is phosphatidylethanolamine. 
Positive for oxidase, catalase, B-galactosidase, and alkaline phos- 
phatase. Arginine dihydrolase, lysine decarboxylase, ornithine 
decarboxylase, and urease are not produced. H,S, indole, and 
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acetoin are not produced. Agar and gelatin are hydrolyzed; 
hydrolysis of casein, gelatin, starch, alginate, chitin, DNA, and 
Tweens varies among species. Marine, isolated from coastal hab- 
itats. Require seawater or Na* for growth. 

DNA G+C content (mol % ): 36-44 (T). 

Type species: Zobellia galactanivorans (Barbeyron, Gerard, 
Potin, Henrissat and Kloareg 1998) corrig. Barbeyron, L’Haridon, 
Corre, Kloareg and Potin 2001, 994.” (Cytophaga drobachiensis 
Barbeyron, Gerard, Potin, Henrissat and Kloareg 1998, 528). 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequences indi- 
cates that the genus Zobellia forms a cluster with Arenibacter, 
Maribacter, Muricauda, and Robiginitalea (Figure 55). The clos- 
est relatives of Zobellia strains are members of the genus Marib- 
acter, with similarities of 92.1-94.1%. 16S rRNA gene similarities 
between members of the genus Zobellia and other close neigh- 
bors range from 88.9 to 91%. 16S rRNA gene sequence similari- 
ties between the various Zobellia species are 96.7-99.3%. 
Dominant cellular fatty acids are straight-chain unsaturated 


and branched-chain unsaturated fatty acids C,., iso, C,., iso, 
Cz iso 3-OH, and summed feature 3, comprising C; iso 2-OH 
and/or C,,, @7¢/t (see Table 75). 


Differential phenotypic characteristics are given in Table 76. 
On marine agar 2216 (Difco), strains of Zobellia form regular, 
round, shiny colonies, usually with entire edges, which are sunk 
in the agar. Colonies are yellow-orange to dark red or dark 
orange with a diameter of 2-4 mm after 48 h at 28°C. The colo- 
nies usually spread rapidly on the surface of the agar. 

All isolated strains have been grown on media containing 
0.5% peptone and 0.1-0.2% yeast extract (Difco), either pre- 
pared with natural or artificial seawater, or supplemented with 
2-3% NaCl. Growth is observed at 4—45°C (optimum, 21—35*C). 
Growth occurs in 1-10% NaCl (optimum, 2-3% NaCl). Zobel- 
lias grow between pH 5.8 and 9.4 (optimum of about 7.0). 

Acid is produced from r-fucose, D-galactose, D-lactose, 
melibiose, and r-sorbose, but not from Nacetylglucosamine, 


0.01 (Knuc) 98 


Zobellia galactanivorans Dsij' (AF208293) 
Zobellia uliginosa NCIMB 1863! (D12674) 
Zobellia amurskyensis KMM 3526! (AB121974) 
Zobellia laminariae KMM 3676! (AB121975) 
Zobellia russellii KMM 3677" (AB121976) 
Arenibacter certesii KMM 3941! (AY271622) 


FIGURE 55. Phylogenetic tree showing relationship among the species of 
the genus Zobellia, The tree was generated by the neighborjoining method 
(1987). Numbers at the nodes indicate bootstrap values (%) of 1000 repli- 
cates (only values 25046 are cited). Bar = genetic distance of 0.01 (K). 


muc 
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citrate, adonitol, dulcitol, glycerol, or inositol. All species utilize 
L-arabinose, D-glucose, D-lactose, D-mannose, sucrose, and man- 
nitol, but not inositol, sorbitol, malonate, or citrate. 

Zobellia species are susceptible to carbenicillin, lincomycin, 
and oleandomycin. They are resistant to gentamicin, kanamy- 
cin, neomycin, and polymyxin B. 

Zobellia species are common inhabitants of the marine envi- 
ronment. They have been isolated from seawater, sediments, 
and seaweeds in the temperate latitudes. 


Enrichment and isolation procedures 


Zobellia species were isolated by direct plating on marine agar or 
ZoBell agar (Nedashkovskaya et al., 2004f; ZoBell and Upham, 
1944), except Zobellia galactanivorans, formerly [Cytophaga] 
drobachiensis (Barbeyron etal., 1998), which was isolated on a basal 
salts medium (Quatrano and Caldwell, 1978) supplemented with 
2% (w/v) vcarrageenan. Either natural or artificial seawater is 
suitable for their cultivation. All isolated strains have been grown 
on media containing 0.5% peptone and 0.1-0.2% yeast extract 
(Difco). Strains may remain viable on marine agar or other rich 
medium based on natural or artificial seawater for several weeks. 
They have survived storage at -80°C for at least 5 years. 


Differentiation of the genus Zobellia from other genera 


Zobellia strains differ from those of all their close relatives, i.e., 
members of the genera Arenibacter, Maribacter, Muricauda and 
Robiginitalea, by their production of flexirubin-type pigments 
(Bruns et al., 2001; Cho and Giovannoni, 2004; Nedashkovs- 
kaya et al., 2003b, 2004a, b, f, 2006g; Yoon et al., 2005b). Also, 
Zobellia strains can be differentiated from those of Arenibacter, 
Muricauda, and Robiginitalea by their ability to hydrolyze agar. 
Moreover, Zobellia strains liquefy gelatin, move by gliding, and 
reduce nitrate to nitrite, in contrast to strains of Muricauda and 
Robiginitalea. 


Taxonomic comments 


The genus Zobellia was created by Barbeyron et al. (2001) and 
contains Gram-stain-negative, aerobic, gliding, agarolytic, flex- 
irubin-producing bacteria of marine origin. One of the species, 
Zobellia uliginosa, was isolated from beach sand in California and 
was originally classified as Mlavobacterium uliginosum (ZoBell and 
Upham, 1944). Later, it was transferred to the genus Cytophaga 
as Cytophaga uliginosa (Reichenbach, 19892), reclassified in the 
genus Cellulophaga as Cellulophaga uliginosa (Bowman, 2000) 
and finally assigned to the new genus Zobellia based on its 
higher DNA G«C content, its maximum growth temperature, 
the presence of flexirubin pigments, and its unique phyloge- 
netic position (Barbeyron et al., 2001). 


List of species of the genus Zobellia 


1. Zobellia galactanivorans (Barbeyron, Gerard, Potin, Henris- 
sat and Kloareg 1998) corrig. Barbeyron, L'Haridon, Corre, 
Kloareg and Potin 2001, 994°? (Cytophaga drobachiensis Bar- 
beyron, Gerard, Potin, Henrissat and Kloareg 1998, 528) 
ga.lac.ta.ni.vo'rans. N.L. n. galactan polygalactose; L. v. vorare 
to devour; N.L. fem. adj. galactanivorans galactan-devouring. 

Cells are 0.3-0.4 x 3.0-8.0 pm. On marine agar, colo- 
nies are 2-4 mm in diameter, circular, shiny with entire 
or irregular edges, yellow-orange, and sunk into the agar; 


they spread very fast on agar plates. Growth occurs between 
10 and 45°C (optimum, about 35°C) and in a salt concen- 
tration of 1.0-8% NaCl (optimum, 2%). The following 
substrates are utilized: N-acetylglucosamine, pr-glycerol 
phosphate, mannitol, L-rhamnose, sucrose, phosphate, and 
L-serine, but not adipate, caprate, gluconate, a-ketobutyric 
acid, 2-ketogluconate, Dp-lyxose, malate, phenylacetate, 
D-tagatose, L-threonine, or urocanic acid. Carrageenans 
(x and 1) are decomposed. 
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TABLE 75. Whole-cell fatty acid composition of Zobellia species? 


FAMILY |. FLAVOBACTERIACEAE 


TABLE 76. Differential phenotypic characteristics of Zobellia species*” 


š 
š E: z 5 
N Pa S © ES = 
S & c8 § c6 ES E 5 
x š = š = LET &S 
Sim S = BE 3 S 
Fatty acid N NÉ NĚ NS NE 
Straight-chain: 
Co tr 1.0 tr tr nd 
Giso 7.5 14.4 12.5 11.0 10.2 
C,,, 9-OH nd tr nd nd nd 
js, 06€ 1.1 9.2 2.7 14 1.4 
PM 2.2 1.0 tr 2.4 2.6 
Ziso OH 3.0 2.4 2.6 4.9 2.9 
447, O86 nd 1.2 1.0 nd nd 
C, 06c nd 0.7 1.1 nd nd 
Branched: 
C z:o iso 21.1 22.5 16.8 20.1 21.9 
Cz. iso 3-OH 8.3 4.6 6.1 5.9 6.7 
Cz anteiso 1.8 1.0 1.0 nd 1.4 
2,4 180 8.8 10.4 12.3 14.9 12.0 
C; iso 3-OH 23.7 15.1 22.4 19.7 25.9 
C; iso 9 5.1 3.8 3.1 2.4 3.6 
Summed feature 3^ 14.5 15.5 14.9 14.3 9.9 


“Data are taken from Nedashkovskaya et al. (2004f). Those fatty acids for which 


the mean amount for all taxa was less than 1% are not given; nd, not detected; 
tr, trace. 


"Summed feature 3 consists of one or more of the following fatty acids which 


could not be separated by the Microbial Identification system: C,,,, 7c, Cia (71, 
and C,., iso 2-OH. 


Source: the single strain was isolated from the red alga 
Delesseria sanguinea, collected in the English Channel, France. 

DNA G+C content (mol% ): 43.4 (T. ), 48.0 (HPLC). 

Type strain: Dsij, CIP 106680, DSM 12802. 

Sequence accession no. (16S rRNA gene): AF208293. 

Note: the original spelling galactanovorans (sic) has been 
corrected (Int. J. Syst. Evol. Microbiol. Notification that new 
names and new combinations have appeared in volume 51, 
part 3, of the IJSEM, 2001, 51: 1231-1233). 


. Zobellia amurskyensis Nedashkovskaya, Suzuki, Vancanneyt, 


Cleenwerck, Lysenko, Mikhailov and Swings 2004f, 1647" 


a.mur.sky.en'sis. N.L. fem. adj. amurskyensis of Amursky Bay, 
where the bacterium was isolated. 


Cells are 0.4-0.5 x 1.2-1.4 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, 
dark orange, and sunk into the agar. Growth occurs at 
4-32*C (optimum, 23-25°C) and in 1-6% NaCl (optimum, 
2% NaCl). 

Source: isolated from seawater, collected in Amursky Bay, 
Gulf of Peter the Great, Sea of Japan. 

DNA G+C content (mol % ): 37.1 (T, ). 

Type strain: KMM 3526, LMG 22069, CCUG 47080. 

Sequence accession no. (16S rRNA gene): AB121974. 


. Zobellia laminariae Nedashkovskaya, Suzuki, Vancanneyt, 


Cleenwerck, Lysenko, Mikhailov and Swings 2004f, 1647" 


la.mi.na'ri.ae. N.L. gen. n. laminariae of Laminaria, the 
generic name of the brown alga Laminaria japonica, from 
which the bacterium was isolated. 


Characteristic 


Z. galactanivorans 
Z. amurskyensis 
Z. laminariae 

Z. russellii 

Z. uliginosa 


Growth in/at: 


8% NaCl + x a 
10% NaCl = _ - 
32*C 
37°C 
42°C 


+ 
+ + + + 


Hydrolysis of: 


Casein + 
Starch + 
Alginate + 
Chitin - - - - 
DNA - + _ + 
Tween 20 + + + 

Tween 40 _ _ + + _ 
Tween 80 - + _ + 


Acid from: 


L-Arabinose, p-cellobiose 
D-Glucose, L-rhamnose _ 
Maltose + 
Raffinose _ _ 
Sucrose _ + + 

L-Xylose _ = = + = 
Mannitol _ _ + + 


Susceptibility to: 


Ampicillin, benzylpenicillin — - = = - + 
Streptomycin - + = 2 E 
Tetracycline - - = & _ 


. Zobellia russellii Nedashkovskaya, 


“Symbols: +, >85% positive; —, 0-15% positive. 

"Data are taken from: Barbeyron et al. (2001), Bowman (2000), Bruns et al. 
(2001), Cho and Giovannoni (2004), Nedashkovskaya et al. (2004f), Reichenbach 
(1989a), Yoon et al. (2005b), and ZoBell and Upham (1944). 


Cells are 0.4—0.5 x 1.2-1.4 um. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, 
dark red, and sunk into the agar. Growth occurs at 4—30°C 
(optimum, 21—23*C), and in salt concentrations from 1.5 to 
6% NaCl (optimum, 2%). 

Source: isolated from the brown alga Laminaria japonica, 
collected in Troitsa Bay, Gulf of Peter the Great, Sea of 
Japan. 

DNA G«C content (mol % ): 36-37 (T). 

Type strain: KMM 3676, LMG 22070, CCUG 47083. 

Sequence accession no. (16S rRNA gene): AB121975. 


Suzuki, Vancanneyt, 
Cleenwerck, Lysenko, Mikhailov and Swings 2004f, 1647" 


rus.sel'li.i. N.L. gen. n. russellii of H.L. Russell, an American 
scientist, for his contribution to the development of marine 
microbiology. 

Cells are 0.4-0.5 x 1.2-1.4 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, 
dark orange, and sunk into the agar. Growth occurs at 
4—38*C (optimum, 25-28°C) and with NaCl concentrations 
between 1 and 10% NaCl (optimum, 2-396). 


GENUS LXI. 


Source: isolated from the green alga Acrosiphonia sonderi, col- 
lected in Troitsa Bay, Gulf of Peter the Great, Sea of Japan. 

DNA G+C content (mol % ): 38.6 (T). 

Type strain: KMM 3677, LMG 22071, CCUG 47084. 

Sequence accession no. (16S rRNA gene): AB121976. 


5. Zobellia uliginosa Barbeyron, L’Haridon, Corre, Kloareg and 
Potin 2001, 995"? [ Cellulophaga uliginosa Bowman 2000, 1867; 
Cytophaga uliginosa (ZoBell and Upham 1944) Reichenbach 
1989a, 2037; Agarbacterium uliginosum (ZoBell and Upham 
1944) Breed 1957, 326; Flavobacterium uliginosum ZoBell and 
Upham, 1944, 263] 


u.li.gi.no'sa. L. fem. adj. uliginosa moist, marshy. 


Cells are 0.4—0.5 x 1.2-1.4 pm. On marine agar, colonies 
are 2-4 mm in diameter, circular, shiny with entire edges, dark 
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Family ll. Blattabacteriaceae fam. nov. 


SRINIVAS KAMBHAMPATI 


Blat.ta.bac.te.ri.a.ce’a.e. N.L. n. Blattabacterium type genus of the family; -aceae ending to denote a 
family; N.L. fem. pl. n. Blattabacteriaceae the Blattabacterium family. 


Gram-stain-negative, slightly curved and straight rods that are 
intracellular symbionts of cockroaches and of one termite 
species. These endosymbiotic bacteria are found predomi- 
nantly in specialized cells of insect fat bodies. Nonmotile and 
nonflagellated. They play a role in the conversion of uric 
acid metabolites into usable nitrogenous compounds under 
anaerobic conditions. The endosymbionts are transmitted ver- 
tically from mother to offspring. They possess highly reduced 
genomes, with an estimated genome size of approximately 
638 kbp. 

Type genus: Blattabacterium Hollande and Favre 1931, 
754^. 


Further comments 


Although this family is represented by a single genus and spe- 
cies, the clades of Blattabacterium cuenoti from various cockroach 
families should likely be elevated to the species level. Clark 
and Kambhampati (2003) showed that the sequence diver- 
gence (up to 2.2%) in the 16S rRNA gene of the endosymbi- 
ont from six different species of the wood-feeding cockroach, 
Cryptocercus, is comparable to that reported for congeneric 
free-living and endosymbiotic bacterial species (see the genus 
description for details). It has long been assumed that all extant 
cockroach species harbor endosymbiotic bacteria, however, Lo 
et al. (2007) could not detect Blattabacterium in members of the 
cockroach genus Nocticola. 


Genus l. Blattabacterium Hollande and Favre 1931, 754^- 


SRINIVAS KAMBHAMPATI 


Blat.ta.bac.te'ri.um. L. fem. n. blatta an insect that shuns the light, the cockroach, chafer, moth, etc.; L. neut. 
n. bacterium rod; N.L. neut. n. Blattabacterium, an endosymbiotic bacterium harbored by cockroaches and 


one termite species. 


Blattabacterium are present only as intracellular symbionts 
(endosymbionts) in almost all species of cockroaches (Blat- 
taria: Dictyoptera) studied so far and one species of termite, 
Mastotermes darwiniensis (Mastotermitidae: Isoptera). Lo et al. 
(2007) reported that they could not detect the presence of 
Blattabacterium in members of the cockroach genus Nocticola. 
Plump, slightly curved and straight rods, about 1 um in dia- 
meter and 1.6-9.0 um in length, usually with rounded ends. 
Length slightly variable among cockroach species. Within a 
cockroach species, longer forms occur inside specialized cells 
of abdominal fat body called mycetocytes; shorter forms occur 
in gonads and embryos. Binary fission pairs are common in 
mycetocytes. Enveloped by host cell membranes. Gram-stain- 
variable to Gram-stain-positive staining but has a Gram-negative 
type cell-wall structure composed of peptidoglycan surrounded 
by an outer membrane. Nonmotile. Nonflagellated. Possesses 
enzymes of the tricarboxylic acid cycle and respiratory cyto- 
chromes. 

DNA G+C content (mol %): 26-28 (Bd). 

Type species: Blattabacterium cuenoti (Mercier 1906) Hollande 
and Favre 1931, 754^! (Bacillus cuenoti Mercier 1906, 684). 


Further descriptive information 


The description of Blattabacterium presented in this chapter 
is taken from Dasch et al. (1984) with updates and modifi- 
cations. 


Phylogenetic treatment. In the 8th edition of Bergey s Deter- 
minative Manual, Blattabacterium was placed in the tribe Wol- 
bachieae, family Rickettsiaceae, order Rickettsiales (Dasch et al., 
1984). Since then, molecular phylogenetic studies have been 
undertaken on Blattabacterium and their relationship to free- 
living bacteria. Bandi et al. (1994) sequenced the 16S rRNA 
gene of Blattabacterium from one representative each of five 
families of cockroaches and undertook a phylogenetic analysis 


that included homologous sequences from several free-living 
bacteria. They concluded that Blattabacterium belongs to the Fla- 
vobacterium—Bacteroides group, which, in this second edition of 
the Systematics Manual, is denoted as the phylum “Bacteroidetes”. 


Cell morphology. The light microscopic and ultrastruc- 
tural appearance of Blattabacterium varies somewhat among 
different cockroach species, in different tissues of a single spe- 
cies, and in response to the recurrent hormonal changes of the 
host's incomplete metamorphosis. The endosymbionts harbored 
by various species of cockroaches differ primarily in length and 
DNA sequence (see Taxonomic comments, below). In Blatta orienta- 
lis they are 2.5-5.3 um long; in Cryptocercus punctulatus, 2.5—8.1 
um; in Heterogamia, 5.3—9.0 um; in Blatta aethiopica, 1.6 um; and 
in Blatta germanica, 3.0 um (Buchner, 1965). The slightly curved, 
longer forms occur in the mycetocytes. The shorter forms occur 
in the ovaries and during embryonic development (Sacchi 
et al., 1996, 2000). Very small dense forms 0.3 x 1.0 um are 
occasionally found mixed with the larger endosymbionts in the 
fat body mycetocytes of Blaberus, Blattella, Byrsotria, Nauphoeta, 
and Periplaneta (Meyer and Frank, 1960; Milburn, 1966; Sacchi 
et al., 1996). However, there is no indication that cockroaches 
and Mastotermes darwiniensis harbor more than one species of 
endosymbiont in their fat body cells (Bandi et al., 1994, 1995; 
Clark et al., 2001; Clark and Kambhampati, 2003; Sacchi et al., 
1996, 2000; Sabree et al., 2009; Sanchez-Lopez et al., 2009). 
The large endosymbionts may stain Gram-positive or Gram- 
stain-variable;the differencesare possibly due to their physiologic 
state. Unlike most Gram-stain-positive bacteria, dilute sodium 
dodecyl sulfate abolishes the Gram-positive staining property 
of the endosymbionts (Malke and Bartsch, 1966). Cytoplasmic 
vacuoles and cross-walls are evident in freshly isolated endosym- 
bionts. The Feulgen reaction of the endosymbionts is positive but 
diffuse (Rizki, 1954). The endosymbionts are not acid-fast, are 
not encapsulated, have no flagella, and stain well with Giemsa 
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and Delafield or Heidenhain's hematoxylin. They do not stain 
with Sudan dyes, the Baker acid hematin test for phospholipids, 
or periodic acid Schiff reagent for polysaccharides. Blattabacte- 
rium are not fluorescent or birefringent (Richards and Brooks, 
1958). Poorly fixed specimens and endosymbionts isolated in 
hypotonic solutions may appear swollen and yeastlike. Nucleoid 
areas with associated metachromatic granules that divide simul- 
taneously with transverse fission have been observed (Buchner, 
1965). Ultrastructurally, these appear to correspond to the elec- 
tron-dense bodies and complex mesosome-like structures that 
are often associated with division septa (Anderson, 1964; Brooks, 
1970; Bush and Chapman, 1961; Daniel and Brooks, 1972; 
Gromov and Mamkaeva, 1980). 


Cell-wall composition. Muramic acid and glucosamine have 
been identified in the cell wall of the endosymbionts of Periplan- 
ela americana, indicating the occurrence of peptidoglycan (Daniel 
and Brooks, 1967; Sacchi et al., 1998). This is consistent with 
the finding of naturally occurring endosymbiont sphaeroplasts 
(Milburn, 1966) and the formation of sphaeroplasts by injection 
of lysozyme into the host (Daniel and Brooks, 1972). However, 
the precise mechanism of lysozyme sphaeroplast-forming ability 
is not clear, since denatured lysozyme is equally effective. 


Fine structure. Other than size, ultrastructural differences 
are negligible in Blattabacterium found in the nymphal fat body 
mycetocytes of cockroach genera representative of five diver- 
gent families of Blattaria: Blaberus, Blatta, Byrsotria, Cryptocer- 
cus, Nauphoeta, and Periplaneta (Brooks, 1970). This is in 
contrast to the location of the mycetocytes themselves, which 
may be isolated ( Cryptocercus, and in the termite, Mastotermes) , 
loosely scattered in the fat body (Pycnoscelus, Blatta aethiopica), 
banded in a single (Blatta orientalis, Rhicnoda), double 
(Nauphoeta), or triple row (Blattella), or cluster (Ectobia), each 
surrounded by a monolayer of fat body cells (Buchner, 1965; 
Koch, 1967; Sacchi et al., 2000). The endosymbionts are 
housed singly or as binary fission pairs in mycetocytes envel- 
oped by a host-derived vacuolar membrane (Bigliardi et al., 
1989). Relative to the host cytoplasm, the endosymbiont cyto- 
plasm is electron-dense, although it is otherwise unremark- 
able in its content of ribosomes, loose DNA fibrils, and 
mesosome-like membrane invaginations. The endosymbiont 
cell wall is usually thin (5-10 nm) for a Gram-stain-positive 
bacterium and, indeed, it has an ultrastructure characteristic 
of Gram-stain-negative bacteria (Anderson, 1964; Brooks, 
1970; Daniel and Brooks, 1972). The additional host cell 
membrane might be responsible for the Gram-positive stain- 
ing properties reported by Gromov and Mamkaeva (1980). 
The encapsulating host membranes are lost from the endo- 
symbionts only during the extracellular phases of their trans- 
fer from the fat body mycetocytes to the oocyte cytoplasm to 
ensure their hereditary transmission (Anderson, 1964; Daniel, 
1973). At this time the endosymbionts are completely envel- 
oped by the highly microvillous surface of the oocyte oolemma 
until egg maturation is complete (Sacchi et al., 1996). A simi- 
lar endosymbiont transfer occurs in the rudimentary ovaries 
of males, but some tissue tropism is involved since the testes 
are not infected (Brooks and Kurtti, 1972). During embryonic 
development, complex extracellular and transmembrane 
movements of the endosymbionts occur between the time of 
their initial penetration of the oolemma and ultimate seques- 
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tration in the larval mycetocytes (Buchner, 1965; Sacchi et al., 
1996, 2000). 

By the freeze-fracture technique, alterations occur in the 
disposition of membrane particles on the convex surface of 
the plasma membrane of the endosymbionts present at the 
oocyte-follicle interface, following changes in the levels of host 
juvenile hormone (Liu, 1973, 1974). An apparent hormone- 
related transformation of the usual rod-shaped endosymbi- 
onts into large rounded forms filled with concentric lamellar 
membranes during the later instar ecdyses and oocyte devel- 
opment of false ovoviviparous cockroaches has been described 
(Milburn, 1966). 


Cultural characteristics and life cycle. Cultivation of 
Blattabacterium in vitro or in tissue culture cells has not been 
accomplished. The endosymbionts contribute nutritional fac- 
tors to the host (Sabree et al., 2009). Maintenance of endo- 
symbionts in host insect is inhibited by treatment with the 
antibiotics penicillin, streptomycin, chloramphenicol, chlo- 
rtetracycline, and oxytetracycline, sulfathiazole, egg white 
lysozyme, incubation at 37°C, and the insecticide lindane, but 
not aerosporin. Numerous reports of successful cultivation of 
the cockroach endosymbionts have appeared along with stud- 
ies on the biochemistry of these cultures (Brooks, 1970). Gier 
(1947) and Brooks and Richards (1966) have carefully reviewed 
the problems inherent in preventing contamination with the 
diverse normal cockroach flora and in fulfilling Koch’s pos- 
tulates for the cultivation of endosymbionts. For none of the 
microorganisms so far cultivated is there a convincing relation- 
ship to the endosymbionts, as measured by definitive criteria 
such as common antigens, DNA base composition, common 
distinctive metabolic properties, and enzymes. Limited extra- 
cellular culture of endosymbionts in the presence of embryo 
cell cultures has been reported (Landureau, 1966) but not 
intracellular growth of endosymbionts in either vertebrate or 
invertebrate tissue culture systems. 

Blattabacterium are transmitted in eggs vertically from the 
mother to offspring of both sexes. Using electron microscopy, 
Sacchi et al. (1996, 1988, 1998, 2000) and Sacchi and Grigolo 
(1989) studied the transovarial transmission of Blattabacterium 
in cockroaches and in the termite Mastotermes darwiniensis. 
They observed Blattabacterium in young follicular cells and 
intracellular spaces of both cockroaches and Mastotermes dar- 
winiensis. In neotenic reproductives of Mastotermes darwiniensis, 
however, bacteriocytes were firmly attached to the germ layer 
of adjacent ovarioles. The bacterial infection occurred in the 
oocytes. Sacchi et al. (2000) suggested that Blattabacterium 
are discharged from the bacteriocytes by exocytosis and then 
cross the ovariole sheath and follicular epithelium. Giorgi and 
Nordin (1994), in a study of endosymbionts during embryo- 
genesis of Blattella germanica, suggested that Blattabacterium are 
involved in digestion of yolk granules and migration of vitel- 
lophages to the center of the yolk. However, no experimental 
evidence for the production of lytic enzymes by Blattabacterium 
exists. Endosymbionts in the embryos of Blattella germanica, 
Periplaneta americana, and. Mastotermes darwiniensis are located 
in the periplasm just beneath the vitelline membrane, and the 
turnover of Blattabacterium in the successive stages of embryo 
development is similar in the previously mentioned host spe- 
cies (Sacchi et al., 2000). The studies by Sacchi and colleagues 
cited above cumulatively demonstrate that the complex 
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pattern of transovarial transmission is similar in cockroaches 
and Mastotermes darwiniensis, further confirming the close phy- 
logenetic relationship of the endosymbionts from cockroaches 
and Mastotermes darwiniensis (Bandi et al., 1995). 


Metabolism and metabolic pathways. The precise role of 
Blattabacterium in cockroach nutrition and excretion remains 
unknown because of the inability to culture them outside the 
host. However, the endosymbionts are necessary for host survival 
because aposymbiotic cockroaches do not survive unless fed on 
specialized diets containing yeast or liver (Brooks, 1963; Dasch 
etal., 1984). Blattabacteriumare likely play a role in the conversion 
of uric acid into usable nitrogenous compounds under anaerobic 
conditions (Chapman, 1998; Cochran, 1985; Wren and Cochran, 
1987). Whereas most terrestrial insects are uricotelic and void 
uric acid, cockroaches store urates internally rather than excret- 
ing them (Cochran, 1985). Under conditions of high dietary 
nitrogen, urates, in the form of uric acid, accumulate in cock- 
roach fat bodies. When such individuals are fed nitrogen-poor 
diets, internally stored urates are mobilized. Only trace amounts 
of urates are present in the excreta (Nation and Patton, 1961; 
Srivastava and Gupta, 1961). Thus, if urates are mobilized in peri- 
ods of dietary nitrogen stress and not excreted, they must be uti- 
lized for metabolic purposes (Cochran, 1985). However, insects 
have a limited capacity for degradation of purine molecules, and 
pathways for conversion of uric acid to allantoin and allantoin to 
allantoic acid are not known from cockroach tissues (Cochran, 
1975). This suggests that another component is involved, and fat 
bodies are a likely site because of their involvement in uric acid 
synthesis and storage. Since the discovery that mycetocytes are 
surrounded by urocytes with contact between cell membranes, 
it has been suggested Blattabacterium might be involved in uric 
acid metabolism. When cockroaches are rendered aposymbi- 
otic, there is a 20-fold increase in uric acid content of fat bodies 
(Malke, 1964; Malke and Schwartz, 1966). Although this sug- 
gests endosymbionts are utilizing stored uric acid for synthesis of 
essential amino acids (Clarebrough et al., 2000) the full genome 
sequence of Blattabacterium (see below) indicated that no urico- 
lytic enzymes are encoded by the Blattabacterium genome. 

Because claims for the culture of Blattabacterium have not 
been substantiated, reports of the presence of guanase, uricase, 
urease, xanthine oxidase, malic and lactic dehydrogenases, and 
synthesis of ascorbic acid based on such cultures are question- 
able. However, direct histochemical studies on endosymbionts 
present in the mycetocytes and respirometric studies on isolated 
endosymbionts indicate that the endosymbionts do reduce tet- 
razolium dyes, succinate, and cytochrome c while they consume 
oxygen. These results suggest that they have a complete set of 
respiratory cytochromes and an aerobic metabolism. The endo- 
symbionts also transaminate alanine to pyruvate and glutamate 
to aspartate (Brooks, 1970). In many other studies, fractions 
enriched in endosymbionts have been compared with similarly 
prepared fractions from cockroaches that had been freed of 
their endosymbionts. Although the greater glycolytic and tri- 
carboxylic acid cycle activities of such enriched endosymbiont 
fractions have been attributed to the endosymbionts (Lau- 
dani et al., 1974), the endosymbionts might merely eliminate 
an inhibitor that depresses such host activities. Since only the 
tissues containing endosymbionts exhibit significant respira- 
tion in the presence of added uric acid, it was assumed that 
the endosymbionts might play an important role in the uric 
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acid catabolism of the cockroach. Recent evidence (Sabree et 
al., 2009; Sanchez-Lopez et al., 2009) suggested that whereas 
Blattabacterium utilize breakdown products of uric acid, they are 
not directly involved in uric acid catabolism. 

Symbiotic insects, even when deprived of intestinal bacteria, 
but not aposymbiotic cockroaches (derived from chlortetra- 
cycline-treated adults), are able to synthesize labeled cysteine, 
glutathione, methionine, and taurine from *S-sulfate and to 
transfer labeled sulfur from cysteine to methionine (Block and 
Henry, 1961). Furthermore, only symbiotic insects can label the 
essential amino acids tyrosine, phenylalanine, isoleucine, valine, 
threonine, and arginine to a significant level from [U-!*C]glu- 
cose; the nonessential amino acids are labeled as well (Henry, 
1962). The lighter melanization of aposymbiotic cockroaches 
may in part be due to their inability to synthesize tyrosine. Simi- 
larly, significant aromatic ring cleavage of phenylalanine occurs 
in symbiotic but not in aposymbiotic cockroaches, although this 
is not a major metabolic pathway even in the symbiotic cock- 
roaches (Murdock et al., 1970). 

Recently, Sabree et al. (2009) obtained the full genome 
sequence of Blattabacterium from the American cockroach, 
Periplaneta americana and Sanchez-Lopez et al. (2009) reported 
the full genome sequence of Blattabacterium from the Ger- 
man cockroach, Blattella germanica. The genome sizes of Blat- 
tabacterium from both host species were similar to each other 
at approximately 638 kbp; these small genomes are consistent 
with the finding that all insect endosymbionts studied to date 
also exhibit highly reduced genome sizes relative to free-living 
bacteria (Wernegreen, 2002). A major difference between Blat- 
tabacterium from the two host species is that whereas the one 
from the American cockroach contained a 3.5 kbp plasmid, no 
plasmid was detected in Blattabacterium from the German cock- 
roach. The genome sequence confirmed that Blattabacterium is 
a member of Flavobacteriales ( Bacteroidetes) and its closest living 
relative is Sulcia muelleri, an endosymbiont commonly found in 
sap-feeding insects (McCutcheon et al., 2009). 

Sabree et al. (2009) and Sanchez-Lopez et al. (2009) recon- 
structed the metabolic pathways from the genomic sequence 
and found that although Blattabacteriumlacks uricolytic enzymes 
it can recycle nitrogen from urea and ammonia, which are uric 
acid degradation products, into glutamate, using urease and 
glutamate dehydrogenase. They also suggested that Blattabacte- 
rium can subsequently produce all of the essential amino acids, 
various vitamins, and other compounds from a limited set of 
metabolic substrates. The metabolic pathways inferred for Blat- 
tabacterium from the German cockroach were highly similar to 
those inferred for Blattabacterium from the American cockroach 
(Sanchez-Lopez et al., 2009). Thus, the full genome sequence 
of Blattabacterium confirms its suspected role in nitrogen metab- 
olism, including nitrogen recycling from ammonia and urea 
and extensive capabilities for amino acid biosynthesis. 


Genetics. The Blattabacterium 16S rRNA gene has been 
sequenced from a number of cockroach species and from Mas- 
totermes darwiniensis (Bandi et al., 1994, 1995; Clark et al., 2001; 
Clark and Kambhampati, 2003; Lo et al., 2007, 2005a; Maekawa 
et al., 2005b). Clark et al. (2001) and Clark and Kambhampati 
(2003) also sequenced the 23S rRNA gene from various Crypto- 
cercus species (see Taxonomic comments, below). 

Many insect endosymbionts, representing diverse bacterial 
lineages, have been shown to have a highly reduced genome 
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size (Wernegreen, 2002). In general, insect endosymbiont 
genomes exhibit about 80% reduction relative to that of Escheri- 
chia coli. Blattabacterium also has a highly reduced genome that 
has been estimated to be about 638 kbp (Sabree et al., 2009; 
Sanchez-Lopez et al., 2009). The American cockroach Blatta- 
bacterium genome encodes 581 open reading frames (ORFs), 
of which 520 have a known function. More than half of these 
ORFs are involved in amino acid metabolism, translation and 
biogenesis, cell-wall and cell-membrane biogenesis or coen- 
zyme metabolism and energy production. Thirty-three tRNA 
genes, corresponding to all amino acids, as well as the complete 
transcriptional machinery, are encoded in the genome. Relative 
to free-living bacteria, genes involved in transcriptional regula- 
tion, signal transduction, secondary metabolites, and defensive 
activities are disproportionately deleted. Those involved in 
translation, amino acid metabolism, and coenzyme metabolism 
are generally retained (Sabree et al., 2009). This pattern of 
gene loss and retention is similar to that noted for other insect 
endosymbionts (Moran and Wernegreen, 2000; Ochman and 
Moran, 2001). The Blattabacterium genome contains genes for 
the complete biosynthetic pathways for all amino acids with 
the exception of aspargine, glumatime, methionine, and ser- 
ine (Sabree et al., 2009). Thus, Blattabacterium manufactures 
most amino acids from a few nitrogen-rich substrates such as 
glutamate, urea, and ammonia. Finally, since the Blattabacterium 
genome does not encode enzymes essential for uricolysis, it is 
not clear where the initial steps of uric acid degradation occur. 


Antibiotic and drug sensitivity. No significant differences 
have been reported in the antibiotic sensitivity of endosymbionts 
of different cockroach species subjected to either prolonged 
feeding or repeated injections. Penicillin, oxytetracycline, chlo- 
rtetracycline, streptomycin, sigmamycin, penetracin, chloram- 
phenicol, and sulfathiazole, but not aerosporin, are effective 
(Brooks, 1970). Although significantly reduced, the endosymbi- 
ont populations are rarely completely eliminated. Aposymbiosis 
is most readily obtained by interruption of the hereditary trans- 
mission of the endosymbionts to the ovary. Resistant endosymbi- 
ont strains have arisen with continued antibiotic treatment. 


Pathogenicity. The endosymbionts are not known to be 
infectious or pathogenic to insects, other invertebrates, or ver- 
tebrates. Reinfection of aposymbiotic cockroaches with isolated 
endosymbionts, to fulfill Koch's postulates, has not been accom- 
plished (Brooks and Richards, 1966). 


Enrichment and isolation procedures 


To isolate the blattbacteria, fat bodies from frozen or fresh, 
surface-sterilized insects must be dissected in a buffer contain- 
ing 25 mM KCl, 10 mM MgCI,, 250 mM sucrose, 250 mM EDTA, 
35 mM Tris/HCl, pH 7.5 (Buffer A; Charles and Ishikawa 
(1999). The tissue is homogenized in 10 ml of Buffer A and 
filtered successively through nylon mesh filters having pore 
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sizes of 100 um, 20 um, and 11 um. The filtrate is centrifuged 
at 1500 x gfor 25 min at 4^C and the pellet is resuspended in 
10 ml of Buffer A containing 100 mM EDTA rather than 250 
mM EDTA (Buffer B). Percoll gradients (27% and 70% in 596 
PEG-6000; 196 Ficoll, 196 BSA fraction V, 250 mM sucrose) are 
prepared. Five milliliters of 7096 Percoll is placed in a 50-ml 
centrifuge tube followed by 5 ml of 27% Percoll and 5 ml of 
cell suspension. The mixture is centrifuged at 12,000 x g for 
15 min at 4° C. The suspension is recovered from the interface 
of the Percoll gradients. Ten milliliters of Buffer B is added 
and the suspension centrifuged at 3000 x gfor 12 min at 4°C. 
The pellet is redissolved in 1 ml of Buffer B and centrifuged 
in a microcentrifuge for 12 min at 3000 x g. The final pellet is 
redissolved in 100 ul of Buffer B for use in restriction digests 
and pulsed-field gel electrophoresis. Since Blattabacterium are 
intracellular symbionts, it is difficult to obtain a preparation 
that is not contaminated by host DNA. However, a prepara- 
tion that contains 50-55% endosymbiont DNA is adequate 
for gel electrophoresis (S. Kambhampati, unpublished data) 
and shotgun cloning for subsequent use in DNA sequencing 
(van Ham et al., 2003). A much simpler protocol for the isola- 
tion of fractions highly enriched for Blattabacterium DNA was 
described by Sabree et al. (2009). 


Procedures for testing special characteristics 


Molecular diagnosis. The presence of Blattabacterium can be 
confirmed by PCR amplification using 16S rRNA and 238 rRNA 
gene primers shown in Table 77 (Bandi et al., 1994; Clark and 
Kambhampati, 2003). The primers were designed based on 
consensus bacterial sequences of the respective genes and will 
therefore likely result in the amplification of the target frag- 
ment from a variety of bacterial species. DNA sequencing is 
therefore required to confirm that the amplified fragment is 
indeed from Blattabacterium. 


Taxonomic comments 


Bandi et al. (1994) concluded that there is parallel cladogen- 
esis between the hosts and endosymbionts (Figure 56). Clark 
et al. (2001) and Clark and Kambhampati (2003) concluded 
that, based on 16S rRNA and 23S rRNA gene sequences, there 
is co-cladogenesis between the wood-feeding cockroach, Cryp- 
tocercus, and the Blattabacteriun harbored by them. The paral- 
lel cladogenesis between cockroaches and their endosymbionts 
was supported by Lo et al. (2003). Hurst et al. (1999) showed 
that male-killing bacteria harbored by some members of Coc- 
cinellidae are a sister group of Blattabacterium. Moran et al. 
(2003) showed that the endosymbionts in the “yellow bacteri- 
ome” of the glassy winged sharpshooter, Homolodisca coagulata, 
are closely related to Blattabacterium and to the bacterial species 
endosymbiotic in ladybeetles. 

The 16S rRNA gene sequence of Blattabacterium has been 
used to infer divergence times among their hosts. The 16S 


TABLE 77. Oligonucleotide primers (5'—3') for the PCR amplification of 16S rRNA and 23S rRNA gene fragments from Blattabacterium 


Gene Forward primer Reverse primer Fragment size (bp) References 

16S rRNA GAGAGTTTGATCCTGGCTCAG CTACGGCTACCTTGTTACGA ~1450 Bandi et al. (1994) 
16S rRNA TGCAAGTCGAGGGGC TCACCGCTACACCACACATTC 630 Clark et al. (2001) 
16S rRNA GAATGTGTGGTGTAGCGGTGA GTCGAGTTGCAGACTCCAATC 640 Clark et al. (2001) 
23S rRNA GACCGATAGTGAACCAGTAC CTGCTTCYAAGCCAACMTCC 650 Clark et al. (2001) 
23S rRNA CGGGTAAGTTCCGACCTGCA GAGCCGACATCGAGGTGCCAA 560 Clark et al. (2001) 
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Cryptocercus garciai 


Cryptocercus darwini 


Cryptocercus wrighti 


Cryptocercus punctulatus 


Cryptocercus clevelandi 


Cryptocercus relictus 


Cryptocercus kyebangiensis 


Cryptocercus primarius 


Nauphoeta cinerea 


Pycnoscelus surinamensis 


Blattella germanica 


Periplaneta americana 


Periplaneta australensis 


Flavobacterium sp. 


FIGURE 56. Phylogenetic relationship among Blattabacterium spe- 
cies harbored by 13 species of cockroaches based on DNA sequence 
of the 16S rRNA gene and parsimony analysis. The numbers above 
the branches are bootstrap values in per cent. The sequences for 
cockroach endosymbionts are from Bandi et al. (1994), Clark and 
Kambhampati (2003), and S. Kambhampati (unpublished). The out- 
group (Flavobacterium sp.) sequence is from GenBank (accession no. 
AJ009687). 


rRNA gene of free-living bacteria (Ochman and Wilson, 
1987) and insect endosymbionts (Clark et al., 2001; Clark and 
Kambhampati, 2003; Lo et al., 2003; Maekawa et al., 2005a, 
2005b; Moran et al., 1993) evolves in a clocklike manner. 
Therefore, it is possible to estimate divergence times among 
the host species harboring Blattabacterium by analyzing the 
DNA sequence of the endosymbiont 16S rRNA gene. Moran 
et al. (1993) estimated a rate of 0.0076-0.0232 nucleotide 
substitutions per site per 50 million years (MY) for the 16S 
rRNA gene of the aphid endosymbiont, Buchnera aphidicola. 
Lo et al. (2003) proposed a nucleotide substitution rate of 
0.0087 per site per 50 MY for the 16S rRNA gene of Blat- 
tabacterium from various cockroach species. Maekawa et al. 
(2005b) and Maekawa et al. (2005a) estimated nucleotide 
substitution rates of 0.0084—0.0111 per site per 50 MY for 
the 16S rRNA gene of Blattabacterium harbored by Cryptocer- 
cus species, and 0.0087—0.0137 per site per 50 MY for the 16S 
rRNA gene of Blattabacterium harbored by two genera (Sal- 
ganea and Panesthia) of Blaberidae, respectively. It must be 
noted, however, that all of these rates of evolution are based 
on a number of assumptions related to the age of termite- 
cockroach split, monophyly of cockroaches, endosymbiont 
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lineage extinction, uniform rates of evolution within and 
among lineages, the extent to which taxon sampling is rep- 
resentative of all lineages, and fossil record. Unfortunately, 
the evidence for many of these assumptions is equivocal. 
Thus, the estimates of divergence times among hosts based 
on the Blattabacterium 16S rRNA gene must be interpreted 
with caution. 

Bandi et al. (1995) sequenced the 16S rRNA gene from Blat- 
tabacterium of Mastotermes darwiniensis and compared it to that 
from cockroach endosymbionts. They concluded endosymbi- 
onts from the termite are monophyletic with those from cock- 
roaches, implying monophyly of cockroaches and termites. 
Since Mastotermes darwiniensisis the only termite that is known to 
harbor Blattabacterium, all subsequent lineages of termites have 
evidently lost the endosymbiont (Mastotermes darwiniensis is the 
basal lineage among extant termites; Kambhampati and Eggle- 
ton, 2000). 

Dasch et al. (1984) stated that the basic similarity in the 
DNA base composition, ultrastructure, mechanism of transmis- 
sion to subsequent insect generations, and antibiotic sensitivi- 
ties of the endosymbionts from different cockroaches, suggest 
that there is no strong basis for further speciation. However, 
recent evidence suggests that the endosymbiont clades in 
various cockroach families should probably be elevated to 
species status. For example, Clark and Kambhampati (2003) 
found that the sequence divergence (up to 2.2%) in the 16S 
rRNA gene of the endosymbiont from six different species of 
the wood-feeding cockroach, Cryptocercus, is comparable to 
that reported for congeneric free-living (Brenner et al., 1998; 
Fanrong et al., 1999; Wen et al., 1999; Yoon et al., 1998) and 
endosymbiotic (Sauer et al., 2000) bacterial species. Overall, 
the sequence divergence in the 16S rRNA gene of Blattabacte- 
rium harbored by various cockroach species shown in Figure 
56 ranges from 0.6% (congeneric species) to 5.2% (taxa from 
different families). Thus, a thorough investigation is warranted 
to clarify the taxonomic status of Blattabacterium harbored by 
diverse cockroach species. 

The mol% G«C of the DNA (Bd) has been determined 
for endosymbionts and their hosts from nine species of cock- 
roaches in six different subfamilies. Endosymbiont DNA base 
compositions vary from 25.8 to 28.3 mol% G+C, except for 
21.8 mol% obtained in a single determination on the endo- 
symbionts of Supella longipalpa. Based on the full genome 
sequence, Sabree et al. (2009) reported a G+C content of 28.2 
mol% for Blattabacterium from the American cockroach. Simi- 
larly, Sanchez-Lopez et al. (2009) estimated a G+C content of 
27.1 mol% based on the full genome sequence of Blattabacte- 
rium from the German cockroach. Although no phylogenetic 
trends are obvious among the various species, the DNA G+C 
compositions of the endosymbionts of two Parcoblatta species 
and two Blaberus species are identical (27.3 and 26.5 mol%, 
respectively). In contrast, the cockroach DNAs differ greatly 
in the number (1-3), amount, and G+C compositions of the 
satellite DNA peaks, whereas the main band of DNA only var- 
ies from 33.5 to 36.3 mol% (Dasch, 1975). 
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List of species of the genus Blattabacterium 


1. Blattabacterium cuenoti (Mercier 1906) Hollande and Favre 
1931, 754“! (Bacillus cuenoti Mercier 1906, 684) 


cu.en.ot'i. N.L. gen. masc. n. cuenoti of Cuenot; named 
after L. Cuenot, who studied intracellular inclusions in 
orthopteran insects. 


The characteristics are as described for the genus. Origi- 
nally studied in Blatta orientalis, the oriental cockroach. 

DNA G+C content (mol%): 28.2 (Bd). 

Type strain: none designated. 

Sequence accession numbers: As of August 2009, 171 nucle- 
otide sequences of Blattabacterium have been deposited in 
GenBank. None of these was designated a type strain. A vast 
majority of these are 16S rRNA gene sequences; several are 
23S rRNA gene sequences from Cryptocercus species (Clark 
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FAMILY IIl. CRYOMORPHACEAE 


Family Ill. Cryomorphaceae Bowman, Nichols and Gibson 2003, 1353P 


JOHN P. BowMAN 


Cry.o.mor.pha.ce'a.e. N.L. fem. n. Cryomorpha the type genus of the family; - aceae ending to denote 
a family; N.L. fem. pl. n. Cromorphaceae the Cryomorpha family. 


Cells are rodlike and sometimes filaments. Multiply by binary 
fission. Usually do not contain spores or other resting cells or gas 
vesicles. Motile by gliding motility or are nonmotile. Gram-stain- 
negative. Strictly aerobic or facultatively anaerobic. Chemoorgan- 
otrophic metabolism. Anaerobic growth, if it occurs, is supported 
by fermentation of carbohydrates. Do not fix nitrogen. Colonies 
are yellow or orange due to carotenoid biosynthesis. Most species 
do not form detectable flexirubin type pigments. Most genera 
require seawater salts for growth. Most genera require organic 
compounds present in yeast extract, peptone, and/or Casamino 
acids for growth. Have a limited versatility in regard to nutritional 
and catabolic activities and are generally unreactive in most stan- 
dard phenotypic tests. Most species do not utilize carbohydrates. 
For fatty acid profiles, see Table 78. Cultured members of the 
Cryomorphaceae occur in a range of marine habitats including 
marine sediments, coastal sands, sand-filtered sea water, sea water 
particulates, and sea-ice algal assemblages. Also found in marine- 
derived refugia, i.e., quartz stone sublithic communities located 
in coastal ice-free regions of Antarctica. Most cultured species 
are able to grow at low temperatures and are isolated from low 
temperature ecosystems. Molecular studies, however, suggest the 
family is present in a wide range of non-extreme ecosystems both 
marine and terrestrial, across tropical to polar regions. 

DNA G+C content (mol 96): 35—40. 

Type genus: Cryomorpha Bowman, Nichols and Gibson 2008, 
1352V*, 


Further descriptive information 


Described in 2008, the family Cryomorphaceae represents a broad 
cluster of mostly marine species of the phylum Bacteroidetes 
(Figure 57). Phylogenetically, the family is weakly monophyl- 
etic, occurring in an adjacent position to the family Flavobacteri- 
aceae (Yarza et al., 2008). The family so far includes six genera, 
each only represented by a single species (Bowman et al., 2008, 
Lau et al., 2005, 2006; O'Sullivan et al., 2005). Phenotypic char- 
acteristics useful for differentiating the member genera are 
shown in the determinative key given below. A notable feature 
is the lack of activity in most standard phenotypic tests, indica- 
tive of a restricted nutritional range. Comparatively fastidious 
growth factor requirements possessed by these species also sug- 
gests that members of this family may be largely dependent on 
decaying organic biomass, and thus could have significant roles 
in organic remineralization processes. 

The family Cryomorphaceae is widespread in the environment, 
present in a wide range of marine and terrestrial habitats as indi- 
cated by several culture-independent studies (Abell and Bow- 
man, 2005; Acinas et al, 2004; Aguilo-Ferretjans et al., 2008; 
Alain et al, 2002; Bissett et al., 2006; Bowman and McCuaig, 
2003; Brinkmeyer et al., 2003; Brown et al., 2005; Collins et al., 
2003; Crump and Hobbie, 2005; DeLong et al, 2006; Fuchs 
et al., 2005; Goffredi et al., 2004; Green et al., 2004; Humayoun 
et al, 2003; Kirchman et al., 2003; López-Garcia et al., 2003; 
Nielsen et al., 2004; Pinhassi et al., 2004; Reysenbach et al., 2000; 
Schaefer et al., 2002; Skidmore et al., 2005; Sorensen et al., 2005; 
Webster et al., 2004; Zwart et al., 2002). A clade within the family 


Cryomorphaceae has been designated the AGG58 cluster, named 
for clones detected in marine aggregates (DeLong et al., 1993). 
This group has been found to be widespread in aquatic environ- 
ments (O'Sullivan et al., 2004). A general consensus of phyloge- 
netic surveys of marine-type ecosystems, suggests Cryomorphaceae 
is much less numerous than that of the marine members of the 
family Mavobacteriaceae. Whether this suggests a pattern of econ- 
iche specialization for Cryomorphaceae or a natural consequence of 
evolutionary processes among bacteria is unknown at this time. 


Key to the genera of the family Cryomorphaceae 


1. DNA G4C content is 36-37 mol%. Cells are rod shaped. Colo- 
nies are orange. Nonmotile. No growth occurs at 37°C. Oxidase- 
negative. Strictly aerobic. Does not utilize D-glucose. Does not 
reduce nitrate. Does not hydrolyze gelatin. Isolated from quartz 
stone sublithic communities of ice-free coastal areas of Antarc- 
tica and seawater particulates collected off Antarctic coastlines. 

— Genus I. Cryomorpha 


2. DNA G+C content is 38-40 mol%. Cells are rod shaped. Colo- 
nies are orange. Motile by gliding. No growth occurs at 37°C. 
Oxidase-negative. Facultatively anaerobic. Utilizes D-glucose. 
Reduces nitrate to nitrate. Does not hydrolyze gelatin. Iso- 
lated from marine sediment and sea-ice algal assemblages 
collected off Antarctic coastlines. 

— Genus II. Brumimicrobium 


3. DNA G+C content is 35 mol%. Cells are rod shaped or filamen- 
tous. Colonies are yellow. Motile by gliding. No growth occurs 
at 37°C. Oxidase-negative. Strictly aerobic. Utilizes D-glucose. 
Reduces nitrate to nitrate. Does not hydrolyze gelatin. Isolated 
from beneath frozen sand in a coastal bay of Alaska, USA. 

— Genus III. Crocinitomix 


4. DNA G+C content is 39-40 mol%. Cells are rod shaped or fila- 
mentous. Colonies are orange. Motile by gliding. Growth occurs 
at 37°C. Oxidase-positive. Strictly aerobic. Utilizes D-glucose. 
Reduces nitrate to nitrate. Hydrolyzes gelatin. Isolated from a 
tank used for sand-filtering of sea water, Hong Kong, China. 

— Genus IV. Fluviicola 


5. DNA G+C content is 37.2 mol%. Cells are rod shaped with 
rarer longer filaments. Colonies are yellow-orange. May form 
flexirubin pigments. Motile by gliding. Growth occurs at 
4—25*C. Oxidase-negative. Strictly aerobic. Does not utilize 
glucose. Negative for nitrate and nitrite reduction. Weakly 
hydrolyzes gelatin. No growth occurs on seawater-containing 
media. Isolated from water of the River Taff, Cardiff, UK. 

— Genus V. Lishizhenia 


6. DNA G+C content is 35.8 mol%. Cells are rod shaped. 
Colonies are light orange. Cells are motile by gliding. Growth 
occurs at 4-37°C, Oxidase-positive. Strictly aerobic. Does not 
utilize D-glucose. Gelatin and casein are hydrolyzed. Isolated 
from sand-filtered sea water collected at Port Shelter, adja- 
cent to the Coastal Marine Laboratory, Hong Kong Univer- 
sity of Science and Technology. 

— Genus VI. Owenweeksia 
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Genus |. Cryomorpha Bowman, Nichols and Gibson 2003, 1352V* 


JoHN P. Bowman 


Cry.o.mor'pha. Gr. neut. n. kryos icy cold, frost; Gr. fem. n. morphe shape or form; N.L. fem. n. Cryomorpha 


cold shape. 


Cells are slender, flexible rods with rounded ends, 0.3—0.5 
umx0.5-3 um. Occur singly or in pairs. Gram-stain-negative. 
Spores, resting cells, and gas vesicles not present. Nonmotile. 
Colonies are orange. Flexirubin pigments are not produced. 
Strictly aerobic with an oxidative type of metabolism. Catalase 
positive. Oxidase negative. Chemoheterotrophic. Non-agaro- 
lytic. The organisms have an inert metabolism in that they do 
not utilize carbohydrates, do not form acid from carbohydrates, 
and are unreactive in most standard biochemical tests. Strains 
require sea water salts and yeast extract for growth. Growth 
occurs between -2 and 22°C, with optimal growth at 15-20*C 
and pH 6-8. Major fatty acids are C,,, iso, C, iso, C. , anteiso, 
Ciso iso, C,,, iso @9c, C,., iso @10¢ C,., anteiso o10c, C 4 iso 
2-OH, and C; anteiso 2-OH. Isolated from quartz stone sub- 
lithic communities and Southern Ocean sea water particulates. 

DNA G+C content (mol 96): 36-37. 

Type species: Cryomorpha ignava Bowman, Nichols and Gibson 
2003, 1352V*, 


Further descriptive information 


Cryomorpha is the type genus of the family Cryomorphaceae within 
which it forms a distinct line of descent (Figure 57). 

Colonies are pinpoint to small (0.5-1 mm), orange, circular, 
entire edged, viscid to butyrous, and convex. 

Like other members of the Cryomorphaceae, Cryomorpha ignava 
requires sea water and organic compounds occurring in peptone 
or yeast extract for growth, and it has a restricted versatility in 
regard to its catabolic activity. It slowly hydrolyzes Tween 80 and 
urea, but otherwise is unreactive in standard phenotypic tests 
including various commercial test strips and trays. The species 


has an absolute requirement for sea water and is quite stenoha- 
line. It requires yeast extract for growth; no growth occurs in sea- 
water media supplemented only with peptone, and growth occurs 
with peptone only if a vitamin solution is supplied suggesting the 
species requires specific vitamin growth factors that are present 
in yeast extract. Catalase activity in strains is very pronounced. 
The fatty acid profile (Table 78) is decidedly unusual, contain- 
ing large amounts of branched-chain fatty acids such as C, iso 
2-OH, C,., anteiso 2-OH, C,., iso ollc C,,, iso o9cand C, iso 
that are rarely found in other Gram-stain-negative bacteria. 


Enrichment and isolation procedures 


Cryomorpha ignava can be isolated by direct plating of sample 
material onto Marine agar followed by incubation at 4—20°C. 
The species grows relatively slowly, with colonies taking at least 
4—7 d to appear and grow to full size. 


Maintenance procedures 


For long-term storage Cryomorpha ignava can be cryopreserved 
at -80*C in Marine 2216 broth supplemented with 30% glycerol. 
Strains survive well on Marine agar plates or slants stored at 2—4°C. 


Differentiation of the genus Cryomorpha 
from other genera 


The most salient traits useful for distinguishing Cryomorpha 
from other members of the Cryomorphaceae include orange 
pigmentation, lack of motility, strictly aerobic oxidative meta- 
bolism, inability to use carbohydrates, lack of reactivity in most 
phenotypic tests, and ability to grow at low temperatures. The 
species also has a distinctive fatty acid profile. 


List of species of the genus Cryomorpha 


1. Cryomorpha ignava Bowman, Nichols and Gibson 2003, 1352% 
ig.na'va L. fem. adj. ignava lazy, pertaining to the biochemi- 
cally and nutritionally inert nature of the species. 


The characteristics are as given for the genus, as listed in 
Table 78, and as given in the text. 


Source: quartz stone sublithic communities and sea water 
particulates. 

DNA G+C content (mol% ): 36-37 (T). 

Type strain: 1-22, ACAM 647, CIP 107453, LMG 21436. 

Sequence accession no. (16S rRNA gene): AF170738. 


Genus Il. Brumimicrobium Bowman, Nichols and Gibson 2003, 1352”? 


JoHN P. BOWMAN 


Bru'mi.mi.cro'bi.um. L. fem. n. bruma winter; N.L. neut. n. microbium microbe; N.L. neut. n. Brumimicrobium 


winter microbe. 


Cells are slender, flexible rods with rounded ends, 1-3 umx0.3- 
0.5 um, occurring singly or in pairs. Gram-stain-negative. Spores, 
resting cells, and gas vesicles are not present. Gliding motility 
is present. Colonies are orange. Flexirubin pigments are not 
produced. Facultatively anaerobic. Possesses an oxidative 
metabolism under aerobic conditions. Under anaerobic growth 
conditions the metabolism shifts to the fermentation of sugars. 
Catalase-positive. | Oxidase-negative. | Chemoheterotrophic. 
Non-agarolytic. Utilizes D-glucose. Reduces nitrate to nitrite. 
Strains require Na* and yeast extract for growth. Peptone can 
serve as a nitrogen source. Psychroactive. Slightly halophilic. 


Major fatty acids are C,,, iso, C,., iso, and C, anteiso 10c. 
Isolated from polar marine sediment and sea-ice algal assem- 
blages. 

DNA G+C content (mol 96): 38—40. 

Type species: Brumimicrobium glaciale Bowman, Nichols and 


Gibson 2003, 1352". 


Further descriptive information 


The genus Brumimicrobium is a member of the family Cryomor- 
phaceae (Bowman et al., 2003) within which it forms a distinct 
line of descent (Figure 57). 
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Croceibacter atlanticus (AY163576) 
Gelidibacter algens (U62914) 
Psychroserpens burtonensis (U62913) 
Psychroflexus torquis (U85881) 
Cellulophaga lytica (M62796) 
Polaribacter filamentus (U73726) 
Tenacibaculum maritimum (AB078057) 
Robiginitalea biformata (AY424899) 
Zobellia galactanovorans (AF208293) 
Maribacter sedimenticola (AY271623) 
Capnocytophaga ochracea (U41350) 
Flavobacterium aquatile (M62797) 
Myroides ordoratus (M58777) 
Chryseobacterium gleum (M58772) 
Ornithobacterium rhinotracheale (U87101) 
Empedobacter brevis (M59052) 
Weeksella virosa (M93152) 
Cryomorpha ignava (AF170738) 


Family 
Flavobacteriaceae 


Family 


Owenweeksia hongkongensis (AB125602) 
Cryomorphaceae 


Brumimicrobium glaciale (AF521195) 

Crocinotomix catalasitica (M58791) 
Porphyromonas gingivalis (X79964) 
Bacteroides fragilis (M11656) 
Prevotella melaninogenica (AY323525) | Order 
Anaerophaga thermohalophila (AJ418048) Bacteroidales 
Marinilabilia salmonicolor (M62422) 
Rikenella microfusus (L16498) 
Alistipes putredenis (L16497) 


Chitinophaga pinensis (AF078775) 


664 998 


1000 


0.1 


Saprospira grandis (M58795) 
Lewinella cohaerens (AF039292) 
Sphingobacterium spiritivorum (AJ459411) 
Pedobacter heparinus (AJ438172) 


Family 
Saprospiraceae 


Family 
Sphingobacteriaceae 


FIGURE 57. Phylogenetic tree based on 16S rRNA gene sequences showing the positions of the genera of the family Cryomorphaceae in relation to 
other related taxa of the phylum Bacteroidetes, including family Flavobacteriaceae, order Bacteroidales, family Saprospiraceae and family Sphingobacteri- 


aceae. The tree is based on nearly complete 16S rRNA gene sequences clustered by maximum-likelihood and neighborjoining methods (PHYLIP; 
J. Felsenstein, University of Washington, Seattle, WA, USA). Numbers at branch lengths are bootstrap values indicating the number of times the 
branch node was recovered following 1000 replications of the cluster analysis. 


Colonies are 1-2 mm in diameter, orange, convex, circular, 
entire edged, and possess a gelid consistency. Gliding motility is 
best observed from growth on dilute media rather than Marine 
2216 agar. Like other members of the Cryomorphaceae, the spe- 
cies requires factors occurring in peptone or yeast extract for 
growth and has a restricted catabolic versatility. It hydrolyzes 
Tween 80, and some strains degrade DNA. Alkaline phos- 
phatase is produced. Some strains form f-galactosidase. Oth- 
erwise, the organisms are unreactive in standard phenotypic 
tests, including various commercial test strips and trays. The 
only known carbon and energy substrate is D-glucose, which the 
organism can use oxidatively under aerobic conditions, and fer- 
mentatively when under anaerobic conditions. Under aerobic 
conditions, no acid is formed from D-glucose. Other common 


substrates tested do not support growth. Brumimicrobium glaciale 
requires Na* for growth and is quite stenohaline. The species 
grows well with yeast extract; however, growth occurs in seawa- 
ter media containing peptone or Casamino acids if vitamins are 
provided. This suggests the species has specific vitamin growth 
factors that are present in yeast extract. 

The species is psychroactive and neutrophilic, growing 
between -2 and 27°C, with optimal growth at 16-19*C and pH 
6-8. The fatty acid profile (Table 78) is made up mainly of C,, 
branched-chain fatty acids, a profile that differs from other 
members of the family Cryomorphaceae. 

Strains of Brumimicrobium glaciale have been isolated from 
both the sea-ice and marine sediments of Antarctica (Bowman 
et al., 2003). 
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TABLE 78. Whole-cell fatty acids of type species of five genera of the family Cryomorphaceae* 


Brumimicrobium 


Fatty acid Cryomorpha ignava glaciale 


Crocinotomix 
catalasitica 


Owenweeksia Lishizhenia 


Fluviicola taffensis hongkongensis caseilytica 


Saturated fatty acids: 


Ciso 

Branched-chain fatty acids: 
Ca 130 tr _ 
Cz. iso _ 5.6 
C, 9 iso 
C,,, iso o9c 6.8 tr 
C,,, iso ol0c 7. - 
C,,, anteiso ol10c 8.2 
Czo iso 7.8 
C; anteiso 5.8 _ 
Ce 150 @6c _ tr 
C,., ollciso 
C, iso 7.8 tr 
Cso anteiso - - 
C,,., iso 5c 
C; iso 9c _ _ 
C,,,, iso 6o12ç _ _ 
C, iso o13c _ _ 

Monounsaturated fatty acids: 
C,., 06c _ _ 


16:1 


4 09c _ tr 

Hydroxy fatty acids: 
C 4o iso 2-OH 6.7 - 
Ciso 2-OH - - 
C, iso 2-OH - - 
C; anteiso 2-OH 
Ciz OH _ _ 
Cz. iso 3-OH 1.6 _ 
Cis iso 3-OH _ _ 
Gu, 2 OH _ _ 
Ciz OH _ _ 
C; iso 3-OH - - 

Other - - 


- 0.1 - 0.1 
tr 3.2 - 1.6 
29.3 7.5 - - 

1.8 3.0 tr 0.5 


8.3 1:2 = = 


4.4 4.9 _ u 


_ 3.5 3.0 = 


_ 0.5 1.0 


_ 4.2 tr 0.4 


_ 12.3 
_ 5.1* 


“Symbols: values are the percent of total fatty acids; tr, trace level detected («196 of total fatty acids); —, not detected. 


16:1 07cand Ciso 


Fatty acids C 


2-OH were not resolved and make up a fatty acid summed feature comprising 10.1% of total fatty acids. 


‘Three unidentified fatty acids were also obtained with equivalent chain lengths of 11.543, 13.565 and 16.582. 


Enrichment and isolation procedures 


Brumimicrobium glaciale can be isolated by direct plating of 
sample material (sediment, sea-ice samples melted in sterile 
sea water at 4°C) onto Marine agar followed by incubation at 
4—20°C. The species grows relatively slowly, with colonies taking 
several days to appear and grow to full size. 


Maintenance 


For long-term storage, Brumimicrobium glaciale can be cryopre- 
served at -80*C in Marine 2216 broth supplemented with 30% 


glycerol. Strains survive well on Marine 2216 agar plates or 
slants stored at 2-4^C. 


Differentiation of the genus Brumimicrobium 
from other genera 


The most salient traits useful for distinguishing Brumimicrobium 
from other members of the Cryomorphaceae include orange 
pigmentation, gliding motility, facultatively anaerobic metabolism, 
ability to use D-glucose, lack of reactivity in most phenotypic tests, 
and ability to grow at low temperatures. The species also has a dis- 
tinctive fatty acid profile containing only a few major fatty acids. 
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List of species of the genus Brumimicrobium 


1. Brumimicrobium glaciale Bowman, Nichols and Gibson 
2003, 1352! 
gla'ci.al.e. L. neut. adj. glacialeicy, frozen. 
The characteristics are as given for the genus, as listed 
in Table 78, and as given in the text. Inhabits sea-ice algal 
assemblages and polar marine sediment. 


DNA G«C content (mol % ): 38-40 (T). 
Type strain: C156, ACAM 645, CIP 107451, LMG 21434. 
Sequence accession no. (16S rRNA gene): AF521195. 


Genus Ill. Crocinitomix Bowman, Nichols and Gibson 2003, 1353"? 


JoHN P. BOWMAN 


Cro.cin.i.to’mix L. adj. crocinus of or pertaining to saffron; L. fem. n. tomix a string or thread; N.L. fem. n. 


Crocinitomix saffron-colored thread (filament). 


Cells are short rods with rounded ends or filaments, 0.3- 
0.5x0.5— 20 um. Occur singly or in pairs. Gram-stain-negative. 
Spores, resting cells, and gas vesicles not present. Gliding 
motility is present. Colonies are yellow. Flexirubin pigments 
are not produced. Strictly aerobic, having an oxidative type 
of metabolism. Catalase-positive. Oxidase-negative. Chemo- 
heterotrophic. Non-agarolytic. Carbohydrates are not utilized. 
Acid is not formed from carbohydrates. Strains require Na* and 
yeast extract for growth. Growth occurs between 0 and 30°C, 
with optimal growth yield at 20-22°C and pH 6-8. Major fatty 
acids are Ciso Ciso 180, C,,, iso 0106 C ,L, olle and C 161 912c 
Isolated from beneath frozen sand of the marine upper littoral 
zone (Subarctic Alaska). 

DNA G+C content (mol96): 35. 

Type species: Crocinitomix catalasitica (Lewin 1969) Bowman, 
Nichols and Gibson 2003, 1353V* (Microscilla aggregans subsp. 
catalatica Lewin 1969, 197). 


Further descriptive information 


Crocinitomix is a member of the family Cryomorphaceae within 
which it forms a distinct line of descent (Figure 57 in the family 
Cryomorphaceae section). Colonies are saffron-colored, smooth, 
circular, convex, with slightly irregular edges and a butyrous 
consistency when grown on Marine 2216 agar. Like other mem- 
bers of the Cryomorphaceae, the species requires seawater salts 
and organic compounds occurring in peptone or yeast extract 
for growth and has a restricted versatility in regards to its cata- 
bolic activity. Growth with peptone occurs if a vitamin solution 
is supplied, suggesting the species has specific vitamin growth 
factors which are present in yeast extract. 

The type strain attacks L-tyrosine and L-3,4-dihydroxyphenyl- 
L-alanine and produces alkaline phosphatase and arginine 
arylamidase activity. The type strain may also be able to form 
H,S from r-cysteine (Lewin and Lounsbery, 1969), however, 


this activity could not be reproduced (Bowman et al., 2003). 
Acidification, clotting, or redigestion of curd does not occur in 
litmus milk. The type strain is otherwise unreactive in standard 
phenotypic tests including various commercial test strips and 
trays. The fatty acid profile (Table 78) includes monounsatu- 
rated fatty acids with unusual double bond positions including 
Cis @llc, C,,, 0126 and C,,,, 013c. These fatty acids are appar- 
ently unique to this organism which suggests that the organism 
contains a novel fatty acid desaturase. 

Only one isolate (ATCC 23190) of this species has been 
obtained to date. ATCC 23190 originated from beneath a layer 
of frozen coastal sand collected in the shallows of subarctic 
Auke Bay, Alaska. 


Enrichment and isolation procedures 


Crocinotomix catalasitica was isolated by direct plating of diluted 
sample material onto Marine agar followed by incubation at 
20*C. 


Maintenance procedures 


For long term storage, Crocinotomix catalasitica can be cryo- 
preserved at -80^C in Marine 2216 broth supplemented with 
3096 glycerol. Strains survive well on Marine 2216 agar plates 
or slants stored at 2-4^C. The organisms can also be stored by 
lyophilization. 


Differentiation of the genus Cryomorpha from other genera 


The most salient traits useful for distinguishing Crocinitomix 
from other members of the Cryomorphaceae include yellow pig- 
mentation, gliding motility, strictly aerobic oxidative metabo- 
lism, inability to use carbohydrates, lack of reactivity in most 
phenotypic tests, and ability to grow at low temperatures. The 
species also has a distinctive fatty acid profile (Table 78). 


List of species of the genus Crocinitomix 


1. Crocinitomix catalasitica (Lewin 1969) Bowman, Nichols 
and Gibson 2003, 1353™ ( Microscilla aggregans subsp. catala- 
lica Lewin 1969, 197) 


cat.a.la.si'ti.ca. N.L. neut. n. catalasum catalase; L. suff. -icus 
-a -um, suffix used in adjectives with the sense of relating to; 
N.L. fem. adj. catalasitica relating to catalase, pertaining to 
the ability of this species to produce catalase. 


The characteristics are as given for the genus, as listed in 
Table 78, and as given in the text. The only known habitat is 
frozen sand collected from the marine upper littoral zone of 
Auke Bay, Alaska, USA. 

DNA G+C content (mol96): 35 (T). 


Type strain: ATCC 23190, NCIMB 1418. 
Sequence accession no. (16S rRNA gene): AB078042, M58791. 
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Genus IV. Fluviicola O'Sullivan, Rinna, Humphreys, Weightman and Fry 2005, 2193"? 


THE EpiroRIAL BOARD 


Flu.vi.i.co'la L. masc. n. fluvius -ii river; L. suff. -cola (from L. masc. or fem. n. incola) inhabitant, dweller; N.L. 


masc. n. Fluviicola river dweller. 


Rods 0.4—0.5x1.5—5.7 um, with rarer longer filaments of up 
to 51 um in length. Nonflagellated. Motile by gliding. Gram- 
stain-negative. Strictly aerobic. Cell mass is pigmented yel- 
low-orange. Flexirubins are synthesized. Temperature range 
for growth, 4—25°C; optimum, ~20°C. Catalase-positive. 
Oxidase-negative. Growth does not occur in the presence of 
Na* ions. Negative for nitrate and nitrite reduction. Glucose 
is not utilized for growth. Fatty acids contain a high propor- 
tion of branched-chain fatty acids (mainly C,., iso and C; 
iso @10c), as well as significant amounts of hydroxy fatty acids 
(mainly C,,, iso 3-OH). Isolated from freshwater environ- 
ments. 

DNA G+C content (mol % ): 37.2. 

Type species: Fluviicola taffensis O’Sullivan, Rinna, Hum- 
phreys, Weightman and Fry 2005, 2193%". 


0 


Enrichment and isolation 

Fluviicola taffensis was isolated after incubation for 6 d on casein- 
yeasttryptone (CYT) agar* at 20°C, from a 10° dilution of 
water from the River Taff, a river in Wales. 


Differentiation of the genus Fluviicola from related genera 


The main feature distinguishing Fluvticola from Crocinitomix, 
Owenweeksia, Brumimicrobium, and Cryomorpha is that lluviicola 
originated from a freshwater habitat and cannot grow in the 
presence of Na* ions, whereas the other genera occur in marine 
habitats and require Na* ions or natural seawater. The aerobic 
metabolism of Fluviicola differentiates it from the fermentative 
metabolism of Brumimicrobium, and gliding motility differenü- 
ates it from Cryomorpha. Failure to grow at 30°C distinguishes 
Fluviicola from Crocinitomix and Owenweeksia. Unlike Owenweek- 
sia, Fluviicola lacks oxidase activity. Unlike Brumimicrobium, it 
does not reduce nitrate and does not utilize glucose. 


Taxonomic comments 


O'Sullivan et al. (2005) reported that, based on 16S rRNA gene 
sequence analysis and on construction of a neighborjoining 
phylogenetic tree, Fluviicola was a member of the family Cryo- 
morphaceae within the phylum Bacteroidetes. The 16S rRNA gene 
sequence of Fluviicola taffensis showed 8896 sequence similarity 
to that of Crocinitomix catalasitica. 


List of species of the genus Fluviicola 


1. Fluviicola taffensis O'Sullivan, Rinna, Humphreys, Weight- 
man and Fry 2005, 2193V* 


taf.fen'sis. N.L. masc. adj. taffensis pertaining to the River 
Taff, a river in Wales. 


The characteristics are as described for the genus, with 
the following additional features. Colonies are 1-5 mm in 
diameter, circular, flat, transparent, shiny, yellow-orange, 
and creamy on high nutrient solid media. Growth occurs 
on nutrient agar, plate count agar, tryptic soy agar, and 
DNase agar but not on Marine agar 2216, MacConkey 
agar, or Cetrimide agar. Indole is not produced. Negative 
for B-galactosidase, urease, and xylanase activity. Capable of 


DNA hydrolysis and weak gelatin hydrolysis, but not hydroly- 
sis of agar, arginine, esculin, or starch. Acid is not produced 
from glucose. Does not utilize glucose, arabinose, man- 
nose, mannitol, Macetylglucosamine, maltose, gluconate, 
caprate, adipate, malate, citrate, or phenylacetate. Resistant 
to chloramphenicol, streptomycin, and kanamycin, but sus- 
ceptible to penicillin G, ampicillin, rifampin, and tetracy- 
cline. The type strain was isolated from water of the River 
Taff, Cardiff, UK. 

DNA G+C content (mol% ): 37.2 (HPLC). 

Type strain: RW262, DSM 16823, NCIMB 13979. 

Sequence accession no. (16S rRNA gene): AF493694. 


Genus V. Lishizhenia Lau, Ren, Wai, Qian, Wong and Wu 2006, 2321" 


THE EpiroRIAL BOARD 


Li.shi.zhe'ni.a N.L. fem. n. Lishizhenia named after Li Shizhen (1518-1593), the famous Chinese naturalist. 


Rods 0.3-0.5 x 0.5-3.8 um. Nonflagellated. Cells are motile by 
gliding. Nonsporeforming. Gram-stain-negative. Halophilic, 
growing between 1.0 and 7.5% (w/v) NaCl with optimum growth 
at 1-3%. Organic growth factors such as yeast extract or peptone 
are required for growth. Colonies are light orange. Strict aerobes. 
Oxidase-positive. Catalase- and alkaline phosphatase-positive. 
Casein and gelatin are hydrolyzed. Carbohydrates are not utilized. 
Major respiratory quinone is MK-6. Predominant fatty acids are 
C... iso, Gi iso, C... iso 3-OH, and Ciso iso 2-OH /C , w7c. 


15:0 17:0 “16:1 


*CYT agar contains (g/l of distilled water): pancreatic digest of casein, 1.0; 
CaCl,-2H,O, 0.5; MgSO,-7H,O, 0.5; yeast extract, 0.5; and purified agar, 15.0; 
pH7.2. 


DNA G+C content (mol % ): 35.8. 
Type species: Lishizhenia caseinilytica Lau, Ren, Wai, Qian, 
Wong and Wu 2006, 2321". 


Enrichment and isolation procedures 


Lishizhenia caseinilytica was isolated from the outlet of a tank 
storing sand-filtered sea water by direct plating of samples 
onto YPS-SW agar* , with incubation for 3d at 30°C. Orange 


*YPS-SW medium contains: yeast extract, 4 g; peptone, 2 g; starch, 10 g; agar, 15 g; 
seawater filtered through a membrane filter (0.45 um pore diameter), 750 ml; 
and distilled water, 250 ml. 
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colonies were selected and then purified by repeated 
restreaking on YPS-SW agar. Cultures can be preserved at 
—80°C in Marine broth 2216 supplemented with 50% (w/v) 
glycerol. 


Differentiation of the genus Lishizhenia from related genera 


Unlike Owenweeksia hongkongensis, Lishizhenia caseinilytica has 
caseinase activity and a lower mol% G+C of its DNA (35.8 vs 
39-40). In contrast to Fluviicola taffensis, it requires Na: ions, 
is oxidase positive, lacks DNase, and is susceptible to chloram- 
phenicol. It differs from Brumimicrobium glaciale, Crocinitomix 


FAMILY Ill. CRYOMORPHACEAE 


catalasitica, and Cryomorpha ignava by its ability to grow at 35°C, 
tolerance to 7.5% NaCl, and positive oxidase reaction. 


Taxonomic comments 


Lau et al. (2006) reported that, based on 16S rRNA gene 
sequence analyses, Lishizhenia caseinilytica formed a distinct 
lineage within the family Cryomorphaceae and was linked to 
Brumimicrobium glaciale with bootstrap support of 91% by the 
neighbor-joining algorithm and 80% by maximum-parsimony 
analysis. Sequence similarities to other members of the family 
Cryomorphaceae were less than 91%. 


List of species of the genus Lishizhenia 


1. Lishizhenia caseinilytica Lau, Ren, Wai, Qian, Wong and Wu 
2006, 2321" 
ca.sei.ni.ly'ti.ca. N.L. n. caseinum casein; N.L. adj. lyticus -a 
-um (from Gr. adj. lutikos -é -on), able to loosen, able to dis- 
solve; N.L. fem. adj. caseinilytica casein-dissolving. 


The characteristics are as described for the genus, with 
the following additional features. Enlarged cells and fila- 
mentous cells are seen occasionally in stationary phase in 
broth culture. Colonies are light orange, circular, convex, 
smooth, glistening, and translucent with an entire margin. 
Carotenoid pigments are present. Cells are motile by glid- 
ing but do not swarm on Marine agar. Mesophilic, growing 
between 4 and 37°C; optimum, 27-30°C. Growth occurs 
between pH 5.0 and 9.0; optimum, ~pH 7.0. No acid is 
formed from the following carbohydrates, nor are they uti- 
lized: N-acetylglucosamine, p-adonitol, amygdalin, D- and 
L-arabinose, D- and r-arabitol, arbutin, pn-cellobiose, dextran, 
dulcitol, erythritol, esculin, ferric citrate, D-fructose, D- and 
L-fucose, D-galactose, gentiobiose, D-glucose, glycerol, gly- 
cogen, inositol, D-lactose, D-lyxose, D-maltose, D-mannose, 
p-melezitose, D-melibiose, methyl oa-p-glucopyranoside, 
methyl o-p-mannopyranoside, methyl-f-p-xylopyranoside, 


D-mannitol, potassium gluconate, potassium 2-ketoglucon- 
ate, potassium 5-ketogluconate, p-raffinose, L-rhamnose, 
D-ribose, salicin, p-sorbitol, L-sorbose, sucrose, D-tagatose, 
p-trehalose, p-turanose, xylitol, D- and L-xylose. Glucose, 
sucrose, and mannitol are not fermented. The cellular fatty 
acids (and their percentages) are as follows: C, (0.1); 
Ciso (1.6); Ciso (0.5); Cj, iso (trace); C, iso (0.3); C,,, at 
12-13 (0.1); Cis iso (44); C,,, iso (34.8); C,,, iso (trace); 
C, iso @5c (0.5); Ci} iso 3-OH (trace); C. iso 3-OH (2.5); 
Ciso 9-OH (0.5); Ciso iso 3-OH (0.4); Ci iso 3-OH (9.3); 
sum (C; iso 2-OH/C,., @7c) (2.0); and sum (C,,, iso/C,,, 
3-OH) (trace). Sensitivity is exhibited toward ampicillin (10 
ug), chloramphenicol (30 ug), penicillin G (2 U), rifampin 
(10 ug), tetracycline (30 ug), and polymyxin B (300 U). 
Resistance is exhibited toward kanamycin (10 ug), gentami- 
cin sulfate (10 ug), and spectinomycin (10 ug). 

Source: sand-filtered sea water collected at Port Shelter, 
adjacent to the Coastal Marine Laboratory Hong Kong 
University of Science and Technology. 

DNA G+C content (mol96): 35.8 + 0.5 (HPLC). 

Type strain: UST040201-001, JCM 13821, NRRL B-41434 

Sequence accession no. (16S rRNA gene): AB176674. 


15:1 


14:0 


Genus VI. Owenweeksia Lau, Ng, Ren, Lau, Qian, Wong, Lau and Wu 2005, 1055"? 


JoHN P. Bowman 


O.wen.week'si.a N.L. fem. n. Owenweeksia named after Owen B. Weeks, who did a lot of work in the 1950s, 
1960s and 1970s on Flavobacterium, Cytophaga and related species. 


Cells are flexible short rods, 0.3-0.5 x 0.5-4 um. Filaments may 
be formed in media supplemented with 0.1% Tween 20. Cells of 
old cultures and cells grown at low temperature are enlarged or 
distorted in shape. Gram-stain-negative. Spores and resting cells 
not present. Motile by gliding. Strictly aerobic, having an oxi- 
dative type of metabolism. Catalase-positive. Oxidase-positive. 
Chemoheterotrophic. Non-agarolytic. Carbohydrates are not 
utilized. Acid is not formed from carbohydrates. Colonies are 
orange due to carotenoid pigments. Flexirubin pigments are not 
produced. Strains require seawater salts and either peptone or 
yeast extract for growth. Growth occurs between 4—37°C and pH 
5-9, with optimal growth at 25-33°C and pH 6-8. The major 


fatty acids are C; iso, C,., iso, C ,,, iso 3-OH, summed feature 


(C zo iso 2-OH/C,., 070) and C; iso 3-OH. The major respira- 
tory quinone is menaquinone-6. Isolated from a tank containing 
sand-filtered sea water. 

DNA G+C content (mol 96): 39-40. 

Type species: Owenweeksia hongkongensis Lau, Ng, Ren, Lau, 
Qian, Wong, Lau and Wu 2005, 1055”. 


Further descriptive information 


Owenweeksia honghongensis is a member of the family Cryomor- 
phaceae, forming a distinct line of descent, only distantly related 
to Cryomorpha ignava (85% 16S rRNA similarity). 

Like other members of the Cryomorphaceae, Owenweeksia hong- 
kongensis requires sea water and organic compounds occurring 


GENUS VI. OWENWEEKSIA 


in peptone or yeast extract for growth and has a restricted versa- 
tility in regard to its catabolic activity. The species grows at salini- 
ties between 1—7.5%. The species produces alkaline phosphatase 
and esterase (substrate Tween 20), and hydrolyzes gelatin. Owen- 
weeksia hongkongensis cannot degrade polysaccharides, casein, or 
DNA, and cannot lyse autoclaved yeast cells or hemolyze rabbit 
blood. H,S and indole production are negative. The species does 
not utilize or produce acid from a wide range of carbohydrates 
which suggests that it may utilize mainly amino acids or lipids 
for growth. Three unidentified fatty acids have been detected 
in Owenweeksia hongkongensis, with equivalent chain lengths of 
11.543, 13.565 and 16.582. 


Enrichment and isolation procedures 


Owenweeksia hongkongensis was isolated from a tank storing sand- 
filtered sea water by direct plating of samples onto YPS-SW 
medium and incubating at 30°C. The isolate was subsequently 
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obtained in pure culture on YPS-SW lacking starch. Owenweeksia 
hongkongensis can be routinely cultured and stored on YP-SW 
(YPS-SW medium lacking starch), Marine 2216 (Difco), orina 
medium containing 0.4% yeast extract in artificial sea water* 


Maintenance procedures 


For long term storage, Owenweeksia hongkongensis can be cryo- 
preserved at -80*C in YP-SW supplemented with 20% glycerol. 


Differentiation of the genus Owenweeksia 
from other genera 


The most salient traits useful for distinguishing Owenweeksia 
from other members of the Cryomorphaceae include orange pig- 
mentation, gliding motility, strictly aerobic oxidative metabo- 
lism, gelatinase production, inability to use carbohydrates, and 
ability to grow at 30*C or more. The genus also has a substan- 
tially different fatty acid profile. 


List of species of the genus Owenweeksia 


l. Owenweeksia hongkongensis Lau, Ng, Ren, Lau, Qian, 
Wong, Lau and Wu 2005, 1055"* 


hong.kong.en'sis. N.L. fem. adj. hongkongensis pertaining to 
Hong Kong, China. 


The characteristics are as given for the genus, as listed in 
Table 78, and as given in the text. 


References 


Abell, G.C. and J.P. Bowman. 2005. Ecological and biogeographic rela- 
tionships of class Flavobacteria in the Southern Ocean. FEMS Micro- 
biol. Ecol. 51: 265-277. 

Acinas, S.G., V. Klepac-Ceraj, D.E. Hunt, C. Pharino, I. Ceraj, D.L. Distel 
and M.F. Polz. 2004. Fine-scale phylogenetic architecture of a com- 
plex bacterial community. Nature 430: 551-554. 

Aguilo-Ferretjans, M.M., R. Bosch, C. Martin-Cardona, J. Lalucat and 
B. Nogales. 2008. Phylogenetic analysis of the composition of bac- 
terial communities in human-exploited coastal environments from 
Mallorca Island (Spain). Syst. Appl. Microbiol. 31: 231-240. 

Alain, K., M. Olagnon, D. Desbruyeres, A. Page, G. Barbier, S.K. Juniper, 
J. Quellerou and M.A. Cambon-Bonavita. 2002. Phylogenetic charac- 
terization of the bacterial assemblage associated with mucous secre- 
tions of the hydrothermal vent polychaete Paralvinella palmiformis. 
FEMS Microbiol. Ecol. 42: 463-476. 

Bissett, A., J. Bowman and C. Burke. 2006. Bacterial diversity in organi- 
cally-enriched fish farm sediments. FEMS Microbiol. Ecol. 55: 48-56. 

Bowman, J.P., C. Mancuso, C.M. Nichols and J.A.E. Gibson. 2003. Algo- 
riphagus ratkowskyi gen. nov., sp. nov, Brumimicrobium glaciale gen. 
nov., sp. nov., Cryomorpha ignava gen. nov., sp. nov. and Crocinitomix 
catalasitica gen. nov., sp. nov., novel flavobacteria isolated from vari- 
ous polar habitats. Int. J. Syst. Evol.Microbiol. 55: 1343-1355. 

Bowman, J.P. and R.D. McCuaig. 2003. Diversity and biogeography of 
prokaryotes dwelling in Antarctic continental shelf sediment. Appl. 
Environ. Microbiol. 69: 2463-2483. 

Brinkmeyer, R., K. Knittel, J. Jurgens, H. Weyland, R. Amann and E. 
Helmke. 2003. Diversity and structure of bacterial communities in arc- 
tic versus antarctic pack ice. Appl. Environ. Microbiol. 6% 6610-6619. 

Brown, M.V., M.S. Schwalbach, I. Hewson and J.A. Fuhrman. 2005. Cou- 
pling 16S-ITS rDNA clone libraries and automated ribosomal inter- 
genic spacer analysis to show marine microbial diversity: development 
and application to a time series. Environ. Microbiol. Z 1466-1479. 


Source: a tank containing sand-filtered sea water. 

DNA G+C content (mol96): 39-40 (HPLC). 

Type strain: UST20020801, JCM 12287, NRRL B-23963. 
Sequence accession no. (16S rRNA gene): AB125062. 


Collins, G., A. Woods, S. McHugh, M.W. Carton and V. O'Flaherty. 
2003. Microbial community structure and methanogenic activity dur- 
ing start-up of psychrophilic anaerobic digesters treating synthetic 
industrial wastewaters. FEMS Microbiol. Ecol. 46: 159-170. 

Crump, B.C. and J.E. Hobbie. 2005. Synchrony and seasonality in 
bacterioplankton communities of two temperate rivers. Limnol. 
Oceanogr. 50: 1718-1729. 

DeLong, E.F., D.G. Franks and A.L. Alldredge. 1993. Phylogenetic 
diversity of aggregate-attached vs. free-living marine bacterial assem- 
blages. Limnol. Oceanogr. 38: 924—934. 

DeLong, E.F., C.M. Preston, T. Mincer, V. Rich, S.J. Hallam, N.U. Frig- 
aard, A. Martinez, M.B. Sullivan, R. Edwards, B.R. Brito, S.W. Chish- 
olm and D.M. Karl. 2006. Community genomics among stratified 
microbial assemblages in the ocean's interior. Science 311: 496-503. 

Fuchs, B.M., D. Woebken, M.V. Zubkov, P. Burkill and R. Amann. 2005. 
Molecular identification of picoplankton populations in contrasting 
waters of the Arabian Sea. Aquat. Microb. Ecol. 39: 145-157. 

Goffredi, S.K., A. Waren, V.J. Orphan, C.L. Van Dover and R.C. Vrijen- 
hoek. 2004. Novel forms of structural integration between microbes 
and a hydrothermal vent gastropod from the Indian Ocean. Appl. 
Environ. Microbiol. 70: 3082-3090. 

Green, D.H., L.E. Llewellyn, A.P. Negri, S.I. Blackburn and C.J. Bolch. 
2004. Phylogenetic and functional diversity of the cultivable bac- 
terial community associated with the paralytic shellfish poisoning 
dinoflagellate Gymnodinium catenatum. FEMS Microbiol. Ecol. 47: 
345-357. 

Humayoun, S.B., N. Bano and J.T. Hollibaugh. 2003. Depth distribu- 
tion of microbial diversity in Mono Lake, a meromictic soda lake in 
California. Appl. Environ. Microbiol. 69: 1030-1042. 


* Artificial sea water (Lewin and Lounsbery, 1969) contains (g/l of distilled water): 
(CaCl,-2H,O, 1.0 g; KCl, 1.0 g; MgSO,-7H,O, 5.0 g; and NaCl, 25 g.) 


330 


Kirchman, D.L., L. Yu and M.T. Cottrell. 2003. Diversity and abundance 
of uncultured cytophaga-like bacteria in the Delaware estuary. Appl. 
Environ. Microbiol. 69: 6587-6596. 

Lau, K.W., C.Y. Ng, J. Ren, S.C. Lau, P.Y. Qian, P.K. Wong, T.C. Lau and 
M. Wu. 2005. Owenweeksia hongkongensis gen. nov., sp. nov., a novel 
marine bacterium of the phylum “Bacteroidetes. Int. J. Syst. Evol. 
Microbiol. 55: 1051-1057. 

Lau, K.W., J. Ren, N.L. Wai, P.Y. Oian, P.K. Wong and M. Wu. 2006. 
Lishizhenia caseinilytica gen. nov., sp. nov., a marine bacterium of the 
phylum Bacteroidetes. Int. J. Syst. Evol. Microbiol. 56: 2317-2322. 

Lewin, R.A. 1969. A classification of flexibacteria. J. Gen. Microbiol. 58: 
189-206. 

Lewin, R.A. and D.M. Lounsbery. 1969. Isolation, cultivation and char- 
acterization of flexibacteria. J. Gen. Microbiol. 58: 145-170. 

Lopez-Garcia, P., S. Duperron, P. Philippot, J. Foriel, J. Susini and D. 
Moreira. 2003. Bacterial diversity in hydrothermal sediment and 
epsilonproteobacterial dominance in experimental microcolonizers 
at the Mid-Atlantic Ridge. Environ. Microbiol. 5: 961-976. 

Nielsen, J.L., A. Schramm, A.E. Bernhard, GJ. van den Engh and D.A. 
Stahl. 2004. Flow cytometry-assisted cloning of specific sequence 
motifs from complex 16S rRNA gene libraries. Appl. Environ. Micro- 
biol. 70: 7550-7554. 

O'Sullivan, L.A., K.E. Fuller, E.M. Thomas, C.M. Turley, J.C. Fry and AJ. 
Weightman. 2004. Distribution and culturability of the uncultivated 
'AGG58 cluster’ of the Bacteroidetes phylum in aquatic environments. 
FEMS Microbiol. Ecol. 47: 359-370. 

O'Sullivan, L.A., J. Rinna, G. Humphreys, A.J. Weightman and J.C. Fry. 
2005. Fluviicola taffensis gen. nov., sp. nov., a novel freshwater bacte- 
rium of the family Cryomorphaceae in the phylum ‘Bacteroidetes’. Int. J. 
Syst. Evol. Microbiol. 55: 2189-2194. 


ORDER |. SPHINGOBACTERIALES 


Pinhassi, J., M.M. Sala, H. Havskum, F. Peters, O. Guadayol, A. Mal- 
its and C. Marrase. 2004. Changes in bacterioplankton composition 
under different phytoplankton regimens. Appl. Environ. Microbiol. 
70: 6753-6766. 

Reysenbach, A.L., K. Longnecker and J. Kirshtein. 2000. Novel bacterial 
and archaeal lineages from an in situ growth chamber deployed at 
a Mid-Atlantic Ridge hydrothermal vent. Appl. Environ. Microbiol. 
66: 3798-3806. 

Schaefer, H., B. Abbas, H. Witte and G. Muyzer. 2002. Genetic diversity 
of ‘satellite’ bacteria present in cultures of marine diatoms. FEMS 
Microbiol. Ecol. 42: 25-35. 

Skidmore, M., S.P. Anderson, M. Sharp, J. Foght and B.D. Lanoil. 
2005. Comparison of microbial community compositions of two 
subglacial environments reveals a possible role for microbes in 
chemical weathering processes. Appl. Environ. Microbiol. 7I: 
6986-6997. 

Sorensen, K.B., D.E. Canfield, A.P. Teske and A. Oren. 2005. Com- 
munity composition of a hypersaline endoevaporitic microbial mat. 
Appl. Environ. Microbiol. 71: 7352-7365. 

Webster, N.S., A.P. Negri, M.M. Munro and C.N. Battershill. 2004. 
Diverse microbial communities inhabit Antarctic sponges. Environ. 
Microbiol. 6: 288-300. 

Yarza, P., M. Richter, J. Peplies, J. Euzéby, R. Amann, K.H. Schleifer, W. 
Ludwig, F.O. Glockner and R. Rossello-Mora. 2008. The All-Species 
Living Tree project: a 16S rRNA-based phylogenetic tree of all 
sequenced type strains. Syst. Appl. Microbiol. 31: 241-250. 

Zwart, G.J.M., B.C. Crump, M. Agterveld, F. Hagen and S.K. Han. 2002. 
Typical freshwater bacteria: an analysis of available 16S rRNA gene 
sequences from plankton of lakes and rivers. Aquat. Microb. Ecol. 
28: 141-155. 


Class IIl. Sphingobacteriia class. nov. 


PETER KAMPFER 


Sphin.go.bac.te.ri.i'a. N.L. neut. n. Sphingobacterium type genus of the type order; suff. 
-ia ending proposed by Gibbons and Murray and by Stackebrandt et al. to denote a class; 
N.L. neut. pl. n. Sphingobacteriia the Sphingobacterium class. 


The class is defined on the basis of sequence similarities of 16S 
rRNA gene sequences and comprises morphologically diverse 
nonsporeforming bacteria that stain Gram-negative. Growth is 
aerobic or facultatively anaerobic, and a yellow pigmentation is 
often formed. The class contains one order, Sphingobacteriales. 


All genera studied for this feature (mainly Sphingobacterium) 
contain high concentrations of sphingophospholipids as cellu- 
lar lipid components. 

DNA G+C content (mol 96): 36—49.8. 

Type order: Sphingobacteriales ord. nov. 


Order |. Sphingobacteriales ord. nov. 


PETER KAMPFER 


Sphin.go.bac.te.ri'a.les. N.L. neut. n. Sphingobacterium type genus of the order; suff. -ales 
ending to denote an order; N.L. fem. pl. n. Sphingobacteriales the Sphingobacterium order. 


Cells are rod-shaped and usually nonmotile. Aerobic or faculta- 
tively anaerobic. Limited fermentative capabilities are observed 
in some members. Menaquinones are of the MK-7 (rarely MK-6) 
type, and a fatty acid pattern containing C,., iso, C,, , iso 2-OH, 
Czo iso 3-OH, Ciso C,,, 076 Ciso 3-OH and C,,, iso 3-OH as 
the most important components are characteristic. The order 
contains two families, Sphingobacteriaceae Steyn, Segers, Vancan- 
neyt, Sandra, Kersters and Joubert 1998 and Chitinophagaceae 
fam. nov. 

Type genus: Sphingobacterium Yabuuchi, Kaneko, Yano, Moss 


and Miyoshi 1983, 592%". 
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Family |. Sphingobacteriaceae Steyn, Segers, Vancanneyt, Sandra, Kersters and Joubert 1998, 175"* 


THE EpiToRIAL BOARD 


Sphin.go.bac.te.ri.a.ce’a.e. N.L. neut. n. Sphingobacterium type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Sphingobacteriaceae family of Sphingobacterium 


Rods, 0.3—0.6x0.5—-0.6 um. Aerobic, having a strictly respira- 
tory type of metabolism. Flagella are absent. Colonies are 
usually yellowish after several days. Catalase-, oxidase-, and 
phosphatase-positive. Indole not produced. Homospermidine 
is the major polyamine. Features that differentiate the family 
from Flavobacteriaceae are the possession of sphingophospholip- 
ids and ceramides, the presence of menaquinone 7, a higher 
mean mol% G+C content of the DNA, and a unique fatty acid 
content (with C,., iso, Ci; iso 2-OH, C,., iso 3-OH, Cigo C,,, 
7c, Ceo 3-OH, and C, iso 3-OH being the most important 
components). Isolated from soil, activated sludge, and clinical 
specimens. Free-living and saprophytic, but some species can be 
opportunistic pathogens. 

DNA G«C content (mol % ): 36-45. 

Type genus: Sphingobacterium Yabuuchi, Kaneko, Yano, Moss 
and Miyoshi 1983, 592%". 

The family includes two genera, Sphingobacterium and Pedo- 
bacter, which are part of rRNA superfamily V and are closely 
related by rRNA cistron similarity (Steyn et al., 1998). 

Most bacteria do not contain sphingophospholipids (SPLs), 
but members of Sphingobacteriaceae contain high concentrations 
of SPLs as cellular lipid components. The lipid portion of a 


sphingophospholipid is a sphingosine molecule in which the 
amino group is acylated bya fatty acid chain, forming a ceramide. 
The major molecular species of sphingobacterial ceramides 
were identified by Yano et al. (1983, 1982) as 2-N2'-hydroxy- 
13'-methyltetradecanoyl-15-methylhexadecasphinganine, 2-N- 
13'-methyltetradecanoyl-15-methylhexadecasphinganine, and 
2-N-13'-methyltetradecanoyl-hexadecasphinganine. Naka et al. 
(2003) reported that the SPLs of the type strains of Sphingobacte- 
rium spiritivorum, Sphingobacterium antarcticum, Sphingobacterium 
faecium, Sphingobacterium | mizutaii,  Sphingobacterium | multivo- 
rum, and Sphingobacterium thalpophilum contained ceramide 
phosphorylethanolamines (CerPE-1 and CerPE-2), ceramide 
phosphoryl-myo-inositols (CerPI-1 and CerPI-2), and ceramide 
phosphorylmannose (CerPM-1). The ceramide of CerPE-1, 
CerPI-1, and CerPM-1 was composed of 15-methylhexadecas- 
phinganine (isoheptadeca sphinganine, C,,, iso) and 13-meth- 
yltetradecanoic acid (isopentadecanoic acid, C... iso), whereas 
that of CerPE-2 and CerPI-2 was composed of isoheptadeca 
sphinganine and 2-hydroxy-13-methyltetradecanoic acid (2-hy- 
droxy isopentadecanoic acid, C,,, iso 2-OH). Sphingobacterium 
and Pedobacter species contain homospermidine as the major 
polyamine (Hamana and Nakagawa, 20012). 


Genus l. Sphingobacterium Yabuuchi, Kaneko, Yano, Moss and Miyoshi 1983, 592VP 


THE EprroniAL BoARD 


Sphin.go.bac.te'ri.um. N.L. n. sphingosinum (from Gr. gen. n. sphingos of sphinx, and suff.-ine) sphingosine; 
N.L. pref. sphingo- pertaining to sphingosine; L. neut. n. bacterium a rod, and in biology a bacterium; N.L. 
neut. n. Sphingobacterium a sphingosine-containing bacterium. 


Straight rods. Gram-stain-negative. Nonsporeforming. Lack 
flagella but may exhibit a flagellum-independent spread- 
ing mechanism known as "sliding motility". Catalase-positive. 
Chemoorganotrophic, without specialized growth factor 
requirements. Colonies usually become yellowish after several 
days at room temperature. Indole and acetylmethylcarbinol 
are not produced. Nonproteolytic. Gelatin is not hydrolyzed. 
Heparinase negative. Acid is produced from carbohydrates 
oxidatively, not fermentatively. Cellular lipids contain sphingo- 
phospholipids whose ceramide moieties are chiefly branched- 
chain dihydrosaturated C,., sphingosin, and the major acid is 
Cz iso 2-OH. 

DNA G+C content (mol % ): 39-42. 

Type species: Sphingobacterium spiritivorum (Holmes et al., 
1982) Yabuuchi, Kaneko, Yano, Moss and Miyoshi 1983, 594%? 
(Flavobacterium spiritivorum Holmes, Owen and Hollis 1982, 
161; Flavobacterium yabuuchiae Holmes, Weaver, Steigerwalt and 
Brenner 1988, 351). 
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Further descriptive information 


Some strains of Sphingobacterium spiritivorum exhibit sliding 
motility which, as defined by Henrichsen (1972) is *a kind of 
surface translocation produced by the expansive forces in a 


growing culture in combination with special surface proper- 
ties of the cells resulting in reduced friction between cell and 
substrate. The micromorphological pattern is that of a uniform 
sheet of closely packed cells in a single layer. The sheet moves 
slowly as a unit." 

Sphingobacterium | spiritivorum, Sphingobacterium multivorum, 
Sphingobacterium mizutaii, and Sphingobacterium thalpophilum are 
free-living and saprophytic organisms (Bernardet et al., 1996) 
found in environmental habitats such as soil (Fenton and 
Jarvis, 1994) and composted manure (Kuo et al., 2000). They 
have also been isolated from human clinical specimens and 
hospital environments and may be opportunistic pathogens 
(Yabuuchi et al., 1983). Blood and urine have been the most 
common sources for the isolation of Sphingobacterium spiritivo- 
rum. The species has caused cellulitis in the leg of an elderly 
man (Marinella, 2002); the organism was probably acquired by 
walking barefoot on soil. Another bacterium isolated from cel- 
Iulitis of a leg of another elderly man was initially identified as 
Sphingobacterium spiritivorum but later shown by 16S rRNA gene 
analysis to belong to an undescribed species closely related to 
Sphingobacterium mizutaii (Tronel et al., 2003). Sphingobacterium 
multivorum has been isolated from activated sludge (Liu et al., 
2004) and from various clinical specimens; it has occasionally 
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been associated with serious infections such as septicemia in per- 
sons immunocompromised by conditions such as cystic fibrosis, 
kidney damage, or diabetes (Areekul et al., 1996; Freney et al., 
1987; Potvliege et al., 1984; Reina et al., 1992). Sphingobacterium 
mizutati has been isolated from clinical specimens such as ven- 
tricular fluid, synovial fluid, and urine, but its pathogenicity is 
unknown (Yabuuchi et al., 1983). Sphingobacterium thalpophilum 
has been isolated from blood and from leg and foot wounds 
(Holmes et al., 1983). Strains of Sphingobacterium thalpophilum 
have also been isolated from composted manure and are capa- 
ble of converting oleic acid to 10-ketostearic acid and 10-hy- 
droxystearic acid; these strains may be suited for developing a 
large-scale production of these products (Kuo et al., 2000). 

Sphingobacteriwm antarcticum has been isolated only from Ant- 
arctic soil (Shivaji et al., 1992) and, since it cannot grow above 
30*C (at least under laboratory conditions,) it seems unlikely to 
have clinical significance. 

The type strain of Sphingobacterium faecium was isolated from 
the feces of Bos sprunigenius Taurus, and reference strain IFO 
15337 was isolated from the feces of Hippopotamus amphibious. The 
pathogenicity, if any, of Sphingobacterium faecium is unknown. 

An aerobic, mesophilic, Gram-stain-negative, nonmotile, 
rod-shaped bacterium named "Candidatus comitans', which 
is phylogenetically related to the genus Sphingobacterium, was 
reported to live in a mutualistic association with the myxobacte- 
rium Chondromyces crocatus (Jacobi et al., 1997, 1996). Although 
rod-shaped when observed in association with the myxobacte- 
ria, the cells became highly pleomorphic when grown without 
the myxobacteria and stopped multiplying after a few transfers. 
Moreover, some strains of the myxobacteria failed to grow in 
the absence of the companion sphingobacterium. The nature 
of the association between the two bacterial species is not 
understood, but “Candidatus comitans” grew well when the two 
bacteria were physically separated by a membrane that allowed 
small molecules produced by either strain to pass through. 

Some sphingobacteria can utilize or degrade unusual com- 
pounds. Sphingobaclerium multivorum isolated from aerobic 
sludge was reported to use the herbicide mefenacet as a carbon 
and energy source (Ye et al., 2004). A strain of Sphingobacterium 
multivorum that was resistant to the antimicrobial compound 
£-poly-1-lysine (s-PL), a compound that is industrially produced 
by Streptomyces albulus and used as a food additive due to its anti- 
microbial activities, was reported to produce an aminopeptidase 
that degraded the £-PL and released L-lysine (Kito et al., 2002). 
A soil isolate of Sphingobacterium multivorum that had been grown 
on KDN (2-keto-3-deoxy-p-glycero-p-galacto-nononic acid)- 
oligosaccharide alditols as the sole carbon source synthesized 
an inducible, periplasmic sialidase that selectively catalyzed 
the hydrolysis of different types of ketosidic linkages of KDN, 
but not Macylneuraminyl linkages (Nishino et al., 1996). Some 
strains of Sphingobacterium thalpophilum have been reported to 
be capable of cometabolic degradation of pentachlorophenol 
(PCP) when grown on glucose; the PCP-degrading enzyme was 
induced by the PCP itself (Liu et al., 2004). 

Sphingobacterium multivorum has been used as the recipient 
via conjugation of a Tn5-marked symbiotic plasmid from Rhizo- 
bium leguminosarum biovar trifolii, root nodules were formed in 
white clover by the transconjugant but did not fix N, (Fenton 
and Jarvis, 1994). 


FAMILY |. SPHINGOBACTERIACEAE 


Differentiation of the genus Sphingobacterium 
from other genera 


The genus Sphingobacteriwm differs from the genus Flavobacte- 
rium by the presence of high concentrations of sphingophos- 
pholipids as cellular lipid components, by having menaquinone 
7 instead of menaquinone 6, by lacking gliding motility (most 
strains of Flavobacterium are positive), and by having a higher 
G+C content of its DNA (39-45 vs 32-37 mol%). 

Sphingobacterium differs from the genus Pedobacter by lack- 
ing heparinase (Pedobacter piscium is an exception, and Sphin- 
gobacterium antarcticum has not been tested), production of 
acid from melibiose (Sphingobacterium antarcticum has not been 
tested, and most strains of Pedobacter are negative), an ability to 
assimilate melezitose (data not reported for Sphingobacterium 
antarcticum), the presence of urease activity (however, most 
strains of Sphingobacteriwm mizutaii do not hydrolyze urea), and 
the presence of a-fucosidase activity (except Sphingobacterium 
mizutaii). 


Taxonomic comments 


Sphingobacterium spiritivor'um and Sphingobacterium multivorum 
were formerly included in the genus Flavobacterium in the first 
edition of Bergeys Manual of Systematic Bacteriology (Holmes 
et al., 1984). Later, these species were placed in a newly cre- 
ated genus, Sphingobacterium, by Yabuuchi et al. (1983) based on 
DNA-DNA hybridization data and chemotaxonomic consider- 
ations, especially the presence of sphingophospholipids. These 
authors also included a third species, Sphingobacterium mizutae 
(name corrected to mizutaii by Holmes et al, 1988). Sphin- 
gobacterium mizutaii was renamed Flavobacterium mizutaii as an 
objective synonym by Holmes et al. (1988), however, rRNA cis- 
tron analysis (summarized by Bernardet et al., 1996) indicates 
that Sphingobacterium mizutaii, Sphingobacterium spiritivorum, and 
Sphingobacterium multivorum, although closely related to the 
genus Flavobacterium, are sufficiently distinct from it to deserve 
placement in a separate genus. 

Holmes et al. (1988) created the species Sphingobacterium 
yabuuchiae, which differed from Sphingobacteriwm. spiritivorum, 
despite a DNA-DNA hybridization value of 63% between them, 
by not hydrolyzing 2-naphthyl phosphate (acid phosphatase) 
strongly at pH 5.4. However, Takeuchi and Yokota (1992) 
reported that the type strains of both species did hydrolyze 
2-naphthyl phosphate at pH 5.4, and that the two species show 
high similarity in whole-cell protein patterns in SDS-PAGE and 
in their physiological characteristics. Consequently, Takeuchi 
and Yokota concluded that the two species were synonymous, 
i.e., Sphingobacterium spiritivorum. 

The species Sphingobacterium faecium was added to the genus 
by Takeuchi and Yokota (1992), based on DNA-DNA hybridiza- 
tion, SDS-PAGE, and chemotaxonomic features. 

The heparinase-positive species Sphingobacterium heparinum 
(Payza and Korn 1956) Takeuchi and Yokota 1993 was reclas- 
sified by Steyn et al. (1998) in a new genus, Pedobacter, based 
on studies using SDS-PAGE and DNA-rRNA hybridization. 
Although most species of Pedobacter are heparinase-positive, the 
heparinase-negative species Sphingobaclerium piscium Takeuchi 
and Yokota 1993 was also reclassified into the genus Pedobacter 
by Steyn et al. 1998 based on rRNA cistron analysis. 


Sphingobacterium antarcticum was included in the genus by 
Shivaji et al. (1992) based on chemotaxonomic data. It differed 
from the other species by its low-temperature range for growth 


(2-30°C). 
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Differentiation of the species of the genus 
Sphingobacterium 


Table 79 lists characteristics that differentiate the species of 
Sphingobacterium. 


TABLE 79. Characteristics differentiating species of the genus Sphingobacterium*” 


> 2 
& x 
a a 
9 o š 
E kd ua 2 bad : E S I = 8 D 
gs § 3 §& š š š š Š 8 ` & ` 
= Š S = 8 Š É & š š 8 fs 8 
Characteristic “j v a rol ol ol rol ol o o o o o 
Growth at 5°C - + + _ _ _ _ + + _ + - 
Growth at 37°C + nr - nr nr nr nr t + + nr + 
Growth at 42°C - - - - + + + nr _ _ + + 
Nitrate reduction nr _ nr nr _ nr _ nr _ _ + + 
Nitrite reduction _ nr _ nr nr nr nr nr + _ nr _ 
Hydrolysis of: 
DNA + w nr nr + _ _ + nr _ d + d 
Esculin nr + nr - t - t t nr nr - nr 
Gelatin - - t t - - - _ _ - - - - 
Starch nr + nr nr - _ _ + nr nr nr + nr 
Urease + - + _ _ _ + + nr nr + nr 
a-Galactosidase + nr + nr nr nr - + nr - t nr + 
Acid from ethanol (3%), mannitol + nr - nr nr nr nr - nr - - nr - 
Acid from: 
Adonitol - nr nr nr nr - nr nr nr d nr t 
L-Arabinose d t - + _ + _ + + d + - t 
p-Fructose + nr _ + nr + nr nr nr + + nr + 
p-Glucose nr t t + + + + + nr nr nr _ nr 
Glycerol + nr u nr nr = nr nr nr - * nr * 
Inulin d nr nr nr nr - nr + nr _ + + 
p-Mannitol + _ _ _ _ _ _ _ nr _ _ _ _ 
r-Rhamnose _ _ _ _ _ _ _ _ _ + d + + 
Starch _ nr nr + nr _ nr nr nr _ + nr + 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; w, weak reaction; nr, not reported. 


"Data taken from Dees et al. (1985), Holmes et al. (1988), Liu et al. (2008), Matsuyama et al. (2008), Mehnaz et al. (2007), Shivaji et al. (1992), Steyn et al. (1998), 
Takeuchi and Yokota (1992), Ten et al. (2006b), Yabuuchi et al. (1983), Yoo et al. (2007), and Wei et al. (2008). 


1. Sphingobacterium spiritivorum (Holmes, Owen and Hollis 


List of species of the genus Sphingobacterium 


1982) Yabuuchi, Kaneko, Yano, Moss and Miyoshi 1983, 
594V* (Havobacterium spiritivorum Holmes, Owen and Hollis 
1982, 161; Flavobacterium yabuuchiae Holmes, Weaver, 
Steigerwalt and Brenner 1988, 351) 


spi.ri.ti'vo.rum. L. n. spiritus spirit; L. adj. suff. vorus devour- 
ing, eating; N.L. neut. adj. spiritivorum spirit-devouring, 
intended to refer to the ability of the organism to attack 
spirits (i.e., alcohol), producing acid in the process 

The following data are taken from Holmes et al. (1982), 
Yabuuchi et al. (1983), and Takeuchi and Yokota (1992). 
Some strains show distinctive spreading growth on media con- 
taining 0.3% agar, but little or no spreading on media 
containing 0.596 agar. At the edge of the spreading growth, 
the cells are arranged in a monolayer, which is typical of 


sliding (but not gliding) translocation. Other strains show 
moderate spreading on semisolid agar medium. Growth 
occurs at 18-22*C and 37°C but not at 5°C and 42°C. 

The following tests are positive: hydrolysis of DNA, 
esculin, tributyrin, Tween 20, Tween 80, and urea; cata- 
lase; oxidase; phosphatase; o-galactosidase; f-p-galactos- 
idase; D-p-cellobiosidase; growth on MacConkey agar, on 
B-hydroxybutyrate agar, in a standard mineral base medium 
containing 0.2% glucose and 0.176 (NH,),SO,, and in the 
presence of 40% bile. In an ammonium salt medium, acid is 
produced oxidatively from b-arabinose, cellobiose, ethanol 
(396), fructose, galactose, glucose, glycerol, lactose, malt- 
ose, mannitol, mannose, melezitose, raffinose, rhamnose, 
salicin, sucrose, trehalose, and xylose. Gelatin is hydrolyzed 
by the plate method but not liquefied. 


334 


FAMILY |. SPHINGOBACTERIACEAE 


The following tests are negative: acid production from 
adonitol, dulcitol, glycogen, inositol, p-ribose, and sorbitol; 
alkali production on Christensen’s citrate; growth on Sim- 
mons citrate; arginine desmidase; arginine dihydrolase; 
casein hydrolysis; fluorescence on King medium B; gas from 
glucose in peptone water sugar medium; gluconate oxida- 
tion; growth on cetrimide agar; H,S production; lysine decar- 
boxylase; malonate utilization; nitrate and nitrite reduction; 
opalescence on lecithovitellin agar; ornithine decarboxylase; 
phenylalanine deaminase; pigment production on tyrosine 
agar; reduction of 0.4% selenite; and 3-ketolactose produc- 
tion. Starch hydrolysis was reported as negative by Holmes 
et al. (1982) but positive by Yabuuchi (1983). 

When tested by API ZYM galleries, no activity was found 
for the following enzymes: esterase (C-4), lipase (C-14); 
L-valyl-2-napthylamide hydrolase, r-cystyl-2-naphthylam- 
ide hydrolase, N-glutaryl-L-phenylalanyl-2-naphthylamide 
hydrolase, o-b-galactosidase, B-p-glucuronidase, o-D-man- 
nosidase, o-p-xylosidase, -p-fucosidase, f-r-fucosidase, 
N-acetyl-a-p-glucosaminidase, ^ lactosidase, ^ r-tyrosyl-2- 
naphthylamide hydrolase, L-phenylalanyl-2-naphthylamide 
hydrolase, r-hydroxyprolyl2-naphthylamide hydrolase, 
N-benzoyl-t-leucyl-2-naphthylamide hydrolase, r-isoleucyl- 
2-naphthylamide hydrolase, and L-prolyl-2-naphthylamide 
hydrolase. 

The type strain is susceptible to sulfadiazine and sulfame- 
thoxazole-trimethoprim but resistant to nalidixic acid and 
14 other drugs. 

Source: human clinical specimens and hospital environ- 
ments. 

DNA G+C content (mol% ): 40 (T). 

Type strain: CDC E7288, ATCC 33861, CCUG 13224, CDC 
13224, CIP 100542, DSM 11722, GIFU 3101, JCM 1277, JCM 
6897, LMG 8347, NBRC 14948, NCTC 11386. 

Sequence accession no. (16S rRNA gene): D14026, EF090267, 
M58778. 


. Sphingobacterium anhuiense Wei, Zhou, Wang, Huang and 


Lai 2008, 2100V* 


an.hu.i.en'se. N.L. neut. adj. anhuiense pertaining to Anhui, 
the province where the type strain was isolated. 


Cells are 0.4—0.8x1.8-2.5 um. Colonies are circular, con- 
vex, and bright yellow after 24 h cultivation at 30°C on TYB 
agar Growth occurs at 4—35°C; optimum, 25-30"C. The 
pH range for growth is 6.0-8.0; optimum, 6.5-7.5. Growth 
occurs with 0-3% NaCl but not with 4% NaCl in modified 
TYB broth. Starch and DNA are hydrolyzed but Tween 80, 
casein, and urea are not. Positive for oxidase, methyl-a-p- 
glucosidase, B-galactosidase, and the Voges-Proskauer test, 
but negative for arginine dihydrolase, ornithine decar- 
boxylase, lysine decarboxylase, tryptophan decarboxylase, 
urease, and H,S production. Citrate is not utilized and 
indole is not produced (API 20NE system). The following 
substrates are utilized: M-acetylglucosamine, esculin, p-ara- 
binose, r-arabinose, arbutin, cellobiose, fructose, p-fucose, 
L-fucose, D-galactose, glucose, inulin, p-lactose, laetrile, malt- 
ose, D-mannose, melibiose, methyl-a-p-glucoside, methyl-a- 
p-mannoside, raffinose, salicoside, starch, and sucrose. The 
following are not utilized (API 50 CHB system): p-adon- 
itol, D-arabitol, L-arabitol, dulcitol, erythritol, p-fucose, 


b-gentiobiose, glycerol, glycogen, gluconate, inositol, 
2-ketogluconate, 5-ketogluconate, D-lyxose, mannitol, 
melezitose, methyl-B-p-xyloside, L-rhamnose, D-ribose, sor- 
bitol, L-sorbitose, D-tagatose, turanose, xylitol, D-xylose, and 
L-xylose. The predominant isoprenoid quinone is MK-7. 
Major cellular fatty acids are C, iso (32.2%), C,,, iso 3-OH 
(9.8%), and summed feature 3 (C; iso 2-OH and/or C,,, 
076 33.7%). 

Source: forest soil in Anhui province, China. 

DNA G+C content (mol % ): 36.3 (HPLC). 

Type strain: CW 186, CCTCC AB 207197, KCTC 22209. 

Sequence accession no. (16S rRNA gene): EU364817. 
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. Sphingobacterium antarcticum corrig. Shivaji, Ray, Rao, 


Saisree, Jagannadham, Kumar, Reddy and Bhargava 1992, 
105%" 

ant.arc'ti.cum. L. neut. adj. antarcticum southern, pertain- 
ing to the Antarctic. (Note The original name, Sphingobacte- 
rium antarcticus, was corrected by Euzéby, 1998) 


The following characteristics are taken from Shivaji 
et al. (1992) and Takeuchi and Yokota (1992). Rods 
0.5-1.0 umx2-3 um. Colonies on peptone-yeast extract agar 
are round, pale or bright yellow, smooth, slightly convex, 
1-2mm in diameter. No growth factors are required. Opti- 
mal temperature, 25°C; range, 2-30°C, with no growth 
above 30°C. Optimum pH, 6.9; range for growth, 6-8. NaCl 
is not required but can be tolerated up to 0.5M. 

The following tests are positive: catalase, oxidase, phos- 
phatase, gelatinase, urease, and f-galactosidase; hydrolysis 
of Tween 20, Tween 80, esculin, and gelatin; H,S produc- 
tion; growth on -hydroxybutyrate agar and MacConkey 
agar; acid production from cellobiose, glucose (1% and 
1096), lactose (1% and 10%), mannose, and raffinose; 
growth on L-arabinose, formate, D-fructose, p-galactose, 
glucose, glutamate, glycerol, B-hydroxybutyrate, meso-inos- 
itol, lactate, lactose, malate, maltose, mannitol, D-mannose, 
pyruvate, raffinose, L-rhamnose, D-ribose, sorbitol, sucrose, 
succinate, and D-xylose. 

The following tests are negative: fluorescent pigment for- 
mation on King’s A and B medium; gas production from 
carbohydrates; intracellular poly-p-hydroxybutyrate granules; 
starch and casein hydrolysis; reduction of nitrate and nitrite; 
indole production; growth on cetrimide agar; utilization of 
acetate, cellulose, citrate, dextrin, glycogen, inulin, malonate, 
melibiose, and starch as carbon sources; arginine dihydrolase; 
lysine decarboxylase; acid production from arabinose, ethanol, 
fructose, galactose, glycerol, meso-inositol, maltose, mannitol, 
melezitose, rhamnose, salicin, sorbitol, sucrose, and xylose. 

The major carotenoid pigments were identified as zeax- 
anthin, B-cryptoxanthin, and f-carotene (Jagannadham 
et al., 2000). The major fatty acid is C,,,; the long-chain 
bases of the sphingophospholipids are C,,,, Ciz and C 

Source: soil from Schirmacher Oasis, Antarctica. 

DNA G+C content: 39-40 (T.). 

Type strain: 4BY, ATCC 51969, MTCC 675. 

GenBank accession numbers (16S rRNA gene): not reported. 
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. Sphingobacterium canadense Mehnaz, Weselowski and 


Lazarovits 2008, 1” (Effective publication: Mehnaz, Wesel- 
owski and Lazarovits 2007, 522.) 
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ca.na.den'se. N.L. neut. adj. canadense of or belonging to 
Canada, pertaining to its isolation from Canada. 


Cells are 0.8-1.0x1.0-1.9um. Growth occurs on LB 
medium at 20-37°C but not at 41°C. Growth occurs at pH 
5-10. NaCl concentrations of 0.5-3% are tolerated. After 
24—48h growth on LB, colonies are circular, entire, low 
convex, and smooth; they initially are off-white in color 
and turn yellow after a few days; the pigment is not fluo- 
rescent. Bacterial cultures are positive for indoleacetic acid 
production and negative for phosphate solublization. The 
following substrates are oxidized: dextrin, o-cyclodextrin, 
Nacetyl-p-galactosamine, N-acetyl-b-glucosamine, p-cel- 
lobiose, D-fructose, D-galactose, gentiobiose, D-glucose, 
p-lactose, lactulose, maltose, D-mannose, D-melibiose, 
p-raffinose, sucrose, D-trehalose, succinic acid monomethyl 
ester, acetic acid, formic acid, a-ketovaleric acid, propionic 
acid, L-asparagine, L-proline, and glycerol. The following 
are not oxidized: p-mannitol, L-arabinose, L-fucose, myo- 
inositol, maltose, L-rhamnose, p-sorbitol, xylitol, citric acid, 
D,L-lactic acid, malonic acid, succinic acid, p-alanine, r-ala- 
nine, potassium gluconate, trisodium citrate, capric acid, 
adipic acid, phenylacetic acid, L-aspartic acid, L-glutamic 
acid, r-histidine, L-leucine, L-ornithine, L-phenylalanine, p- 
serine, L-serine, and r-threonine. Acid is produced from p- 
and L-arabinose, D-xylose, D-glucose, D-fructose, D-mannose, 
methyl-a-p-glucopyranoside, esculin ferric citrate, salicin, 
p-cellobiose, p-maltose, p-lactose, p-melibiose, D-sucrose, 
inulin, D-melezitose, p-raffinose, starch, p-turanose, and 
L-fucose. No acid production occurs with glycerol, eryth- 
ritol, D-ribose, L-xylose, D-adonitol, methyl-B-p-xylopyrano- 
side, D-galactose, L-sorbose, r-rhamnose, dulcitol, inositol, 
D-mannitol, D-sorbitol, methyl-a-b-mannopyranoside, arbu- 
tin, p-trehalose, M-acetylglucosamine, amygdalin, glycogen, 
xylitol, gentiobiose, p-lyxose, D-tagatose, p-fucose, p-arabitol, 
L-arabitol, potassium gluconate, potassium 2-ketogluconate, 
and potassium 5-ketogluconate. Positive for oxidase, ure- 
ase, nitrate reduction, f-glucosidase, f-galactosidase, and 
gelatin hydrolysis. Negative for indole production, glucose 
fermentation, and arginine dihydrolase. The major cellular 
fatty acids are C eo C, iso, C,,, iso 3-OH and summed fea- 
ture 3 (C, @7¢/C,,,, 060). 
Source: corn roots in London Ontario, Canada. 
DNA G+C content (mol96): 40.5 (HPLC). 

Type strain: CR11, LMG 23727, NCCB 100125. 
Sequence accession no. (16S rRNA gene): AY787820. 
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. Sphingobacterium composti Ten, Liu, Im, Aslam and Lee 
2007, 1372’ (Effective publication: Ten, Liu, Im, Aslam and 
Lee 2007, 1732.) 


com.pos'ti. N.L. gen. n. composti of compost. 


Cells are 0.4—0.8x2.0—2.5 um. Colonies are 1.0-1.5 mm in 
diameter, smooth, convex, round, glossy, and slightly yellow 
after 6d at 30°C on R2A medium. Growth occurs between 
15 and 42°C; optimum, 30°C. Growth occurs at pH 5.5-8.5; 
optimum, pH 6.5-7.0. The organism grows in the presence 
of 496 NaCl but not 596. Growth occurs on trypticase soy 
agar but not on MacConkey agar. Oxidase positive. Lipase 
negative. DNA is hydrolyzed but chitin, starch, cellulose, 
xylan, casein, collagen, and esculin are not. The following 
substrates are utilized for growth: D-glucose, D-galactose, 


D-mannose, D-lyxose, L-xylose, N-acetyl-p-glucosamine, sali- 
cin, D-cellobiose, p-lactose, D-maltose, D-sucrose, D-treha- 
lose, D-mannitol, and p-sorbitol. The following substrates 
are not utilized: p-arabinose, L-arabinose, D-fructose, 
D-fucose, p-xylose, D-melibiose, D-raffinose, L-rhamnose, 
L-sorbose, p-ribose, pyruvate, formate, acetate, propionate, 
D,L-3-hydroxybutyrate, valerate, caprate, maleate, fumarate, 
phenylacetate, benzoate, 3-hydroxybenzoate, 4-hydroxyben- 
zoate, citrate, lactate, malate, malonate, succinate, glutarate, 
tartrate, itaconate, adipate, suberate, oxalate, gluconate, 
ethanol, p-adonitol, dulcitol, inositol, xylitol, glycerol, 
amygdalin, methanol, glycogen, inulin, dextran, L-alanine, 
L-arginine, L-asparagine, L-aspartic acid, L-cysteine, L-glu- 
tamic acid, L-glutamine, L-histidine, glycine, L-isoleucine, 
Leucine, L-lysine, L-methionine, L-phenylalanine, L-pro- 
line, L-serine, L-threonine, L-tryptophan, L-tyrosine, and 
t-valine. With the API 20E system, B-galactosidase activity 
and the Voges-Proskauer test are positive, but arginine 
dihydrolase, lysine decarboxylase, ornithine decarboxy- 
lase, tryptophan deaminase, urease, and gelatinase activi- 
ties are not present. H,S and indole are not produced. Acid 
is produced from p-glucose, p-melibiose, p-sucrose, and 
amygdalin but not from L-arabinose, D-mannitol, inositol, 
p-sorbitol, and r-rhamnose. The major fatty acids are C,, , 
iso, C, iso 3-OH, C,, iso 2-OH, and/or C pı @7c. 

Source: compost that was collected near Daejeon city in 
South Korea. 

DNA G+C content (mol % ): 36.0 (HPLC). 

Type strain: T5-12, CCUG 52467, KCTC 12578, LMG 
23401. 

Sequence accession no. (16S rRNA gene): AB244764. 


. Sphingobacterium composti Yoo, Weon, Jang, Kim, Kwon, 


Go and Stackebrandt 2007, 1592V* 
com.pos'ti. N.L. gen. n. composti of compost. 


Cells are 0.5-0.6x1.0-2.0 um. Colonies on trypticase soy 
agar are yellow, circular, and convex with entire margins. 
The temperature, pH, and NaCl ranges for growth are 
10-45°C, pH 6-9, and 0-5% NaCl, respectively. Nitrate is 
not reduced. Indole is not produced. Glucose is not fer- 
mented. The following enzyme activities occur: oxidase, 
arginine dihydrolase, B-galactosidase, alkaline phosphatase, 
esterase lipase (C8), leucine arylamidase, valine arylami- 
dase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, 
a-glucosidase, p-glucosidase, and Nacetyl-B-glucosamini- 
dase. No activity occurs for esterase (C4), lipase (C14), cys- 
tine arylamidase, trypsin, o-chymotrypsin, o-galactosidase, 
P-glucuronidase, o-mannosidase, and o-fucosidase activi- 
ties. Tweens 20 and 80 are hydrolyzed but Tween 40, escu- 
lin, casein, chitin, carboxymethylcellulose, DNA, gelatin, 
starch, tyrosine, and urea are not. The following substrates 
are assimilated: D-glucose, L-arabinose, D-mannose, N-acetyl- 
glucosamine, D-maltose, p-sucrose, salicin, and p-melibiose. 
No assimilation occurs of p-mannitol, potassium gluconate, 
capric acid, adipic acid, malic acid, trisodium citrate, phe- 
nylacetic acid, L-rhamnose, D-ribose, inositol, itaconic acid, 
suberic acid, sodium malonate, sodium acetate, lactic acid, 
L-alanine, potassium 5-ketogluconate, glycogen, 3-hydroxy- 
benzoic acid, L-serine, L-fucose, D-sorbitol, propionic 
acid, valeric acid, r-histidine, potassium 2-ketogluconate, 
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3-hydroxybutyric acid, 4-hydroxybenzoic acid, and r-proline. 
Acid is produced from p-arabinose, r-arabinose, p-galac- 
tose, D-glucose, D-fructose, D-mannose, methyla-p-man- 
nopyranoside,  methyl-a-p-glucopyranoside, amygdalin, 
arbutin, salicin, D-cellobiose, p-maltose, D-lactose, p-sucrose, 
p-raffinose, and r-fucose. Weak acid production occurs with 
p-xylose, D-melibiose, p-trehalose, and gentiobiose. No 
acid production occurs with glycerol, erythritol, p-ribose, 
L-xylose, D-adonitol, methyl-B-p-xylopyranoside, L-sorbose, 
L-rhamnose, dulcitol, inositol, D-mannitol, D-sorbitol, 
Nacetylglucosamine, inulin, D-melezitose, starch, glycogen, 
xylitol, p-turanose, p-lyxose, D-tagatose, D-fucose, D-arabitol, 
L-arabitol, potassium gluconate, potassium 2-ketoglucon- 
ate, and potassium 5-ketogluconate. The major fatty acids 
are summed feature 3 (C,., iso 2-OH and/or C,,, 070), C 
iso, and C, iso 3-OH 

Source: cotton-waste composts in South Korea. 

DNA G+C content (mol96): 42.3 (HPLC). 

Type strain: 4M24, DSM 18850, KACC 11313. 

Sequence accession no. (16S rRNA gene): EF122436. 
Taxonomic note: Sphingobacterium composti Yoo et al. 2007 
is a later homonym of Sphingobacterium composti Ten et al. 
2007. 
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. Sphingobacterium daejeonense Kim, Ten, Liu, Im and Lee 


2006, 2035." 


dae.jeon.en'se. N.L. neut. adj. daejeonense pertaining to 
Daejeon, a city in Korea, where the type strain was isolated. 


Cells are 0.5-1.0x1.2-1.8 um. Colonies are 1-2 mm in 
diameter, smooth, convex, round, and slightly yellow after 
3 d at 30°C on R2A medium. Growth occurs between 15 
and 42°C; optimum, 30°C. The pH range for growth is 
pH 5.0-9.0; optimum, pH 6.5-7.0. Tolerates 5% (w/v) 
NaCl, but not 7%. Growth occurs on Trypticase soy agar 
but not on MacConkey agar. Oxidase-positive. No hydro- 
lysis of chitin, starch, cellulose, DNA, xylan, casein, and 
esculin. The following substrates are utilized for growth: 
D-glucose, D-galactose, D-mannose, D-fructose, D-arabinose, 
D-lyxose, D-xylose, L-xylose, N-acetyl-p-glucosamine, salicin, 
p-cellobiose, p-lactose, D-maltose, D-melibiose, sucrose, 
p-trehalose, p-raffinose, D-adonitol, and amygdalin. The 
following substrates are not utilized for growth: p-fucose, 
ethanol, L-rhamnose, L-sorbose, r-arabinose, p-ribose, pyru- 
vate, formate, acetate, propionate, D,L-3-hydroxybutyrate, 
valerate, caprate, maleate, fumarate, phenylacetate, benzo- 
ate, 3-hydroxybenzoate, 4-hydroxybenzoate, citrate, lactate, 
malate, malonate, succinate, glutarate, tartrate, itaconate, 
adipate, suberate, oxalate, gluconate, dulcitol, inositol, 
p-mannitol, p-sorbitol, xylitol, glycerol, methanol, glyco- 
gen, inulin, dextran, L-alanine, L-arginine, L-asparagine, 
L-aspartic acid, L-cysteine, L-glutamic acid, L-glutamine, 
L-histidine, glycine, L-isoleucine, L-leucine, L-lysine, L-meth- 
ionine, L-phenylalanine, L-proline, L-serine, L-threonine, 
L-tryptophan, L-tyrosine, and L-valine. With the API 20E 
system, B-galactosidase and the Voges-Proskauer test are 
positive, but arginine dihydrolase, lysine decarboxylase, 
ornithine decarboxylase, tryptophan deaminase, urease, 
gelatinase, H,S, and indole production are negative. Acid 
is produced from D-glucose, p-melibiose, and amygdalin 
but not from r-arabinose, D-mannitol, inositol, D-sorbitol, 


9. 


L-rhamnose, or sucrose. MK-7 is the predominant menaqui- 
none. The major fatty acids are C, iso, summed feature 4 
(Ciz iso 2-OH and/or C e1 076) and C; iso 3-OH. 

Source: compost collected near Daejeon city in South 
Korea 

DNA G+C content (mol % ): 38.7 (HPLC). 

Type strain: TR6-04, CCUG 52468, KCTC 12579, LMG 
23402. 

Sequence accession no. (16S rRNA gene): AB249372. 


. Sphingobacterium faecium Takeuchi and Yokota 1993, 864V* 


(Effective publication: Takeuchi and Yokota 1992, 478.) 


fae'ci.um. L. n. faex faecis dregs; L. gen. pl. n. faecium of 
feces. 


The following data are taken from Takeuchi and Yokota 
(1993). Rods 0.4—0.5x0.5-1.0 um. No sliding translocation 
occurs. Circular, entire, low convex, smooth, and opaque 
colonies develop on nutrient agar after 2d; on nutrient 
agar, a yellow or creamy white, nonfluorescent pigment is 
produced. Growth occurs at 5°C and 37°C but not at 42°C. 

The following tests are positive: catalase, oxidase, ure- 
ase, DNase, and phosphatase (alkaline and acid); esculin 
hydrolysis; utilization of L-arabinose, cellobiose, D-fructose, 
D-glucose, inulin, maltose, raffinose, starch, sucrose, and 
D-xylose; acid production from D- and L-arabinose, L-fucose, 
inulin, melibiose, melezitose, raffinose, salicin, and treha- 
lose; production of o-galactosidase, f-glucosidase, and 
valine arylamidase. 

The following tests are negative: trypsin; B-glucuroni- 
dase; gelatinase; indole; reduction of nitrate and nitrite; 
utilization of agar, arginate, cellulose, chitin, heparin, pec- 
tin, polypectate, and succinoglucan; acid production from 
ethanol (3%), mannitol, rhamnose, D-ribose, sorbose, xyli- 
tol, and L-xylose. 

The major isoprenoid quinone is MK-7. The major non- 
polar fatty acids from whole cells are C,,,, Cisa Ciso iso 
2-OH, C; iso 3-OH, and C, iso 3-OH. 

Source: The type strain was isolated from the feces of Bos 
sprunigenius taurus. Reference strain NBRC 15299 was iso- 
lated form the feces of Hippopotamus amphibious. 

DNA G+C content (mol 96): 39-40 (HPLC). 

Type strain: KS 0470, CIP 104193, JCM 21820, LMG 
14022, NBRC 15299. 

Sequence accession no. (16S rRNA gene): AJ438176. 


16:1? 15:0 


Sphingobacterium kitahiroshimense Matsuyama, Katoh, 
Ohkushi, Satoh, Kawahara and Yumoto 2008, 1579V" 


kitahi.ro.shim.en'se. N.L. neut. adj. kitahiroshimense pertain- 
ing to Kitahiroshima city, where the type strain was isolated). 


Cells are 0.5—0.6x0.6—0.8 um. Oxidase positive. Circular, 
entire, low convex, smooth colonies develop on nutrient 
agar after 2d, and a yellow or creamy white, nonfluorescent 
pigment is produced. The temperature range for growth 
is 4—37°C; no growth occurs at 42°C. Esculin is hydro- 
lyzed but gelatin is not. Indole is not produced. Nitrate 
is not reduced. Urease, alkaline phosphatase, acid phos- 
phatase, o-glucosidase, f-glucosidase, o-galactosidase and 
o-mannnosidase activities are present. The following sub- 
strates are utilized (GN2 Biolog system): dextrin, Tween 
40, Tween 80, cellobiose, N-acetylglucosamine, D-fructose, 
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D-galactose, gentiobiose, o-D-glucose, o-D-lactose, maltose, 
D-mannose, melibiose, raffinose, L-rhamnose, sucrose, tre- 
halose, turanose, a-ketovaleric acid, L-alanine, L-glutamic 
acid, L-threonine, L-proline, and L-serine. Acid is produced 
from trehalose, raffinose, L-arabinose, and L-xylose. The 
following enzyme activities do not occur: arginine dihydro- 
lase, DNase, esterase (C4), lipase (C4), cystine arylamidase, 
trypsin, chymotrypsin, -galactosidase, and fucosidase. No 
utilization occurs of citrate, L-arabinose, L-histidine, adon- 
itol, erythritol, L-fucose, p-sorbitol, xylitol, formic acid, 
p-gluconic acid, pr-lactic acid, malonic acid, inosine, or 
glycerol. Acid is not produced from rhamnose. Contains 
branched-17:0 dihydrosphingosine as the main sphin- 
gosine. Predominant fatty acids are C... iso 2-OH and/or 
C,,, 07c (summed feature 3), 40.28%; C; iso, 28.89% and 
C; iso 3-OH, 12.83%. 

Source: soil from Kitahiroshima city, Japan. 

DNA G+C content (mol % ): 36.9 (HPLC). 

Type strain: 10C, JCM 14970, NCIMB 14398. 

Sequence accession no. (16S rRNA gene): AB361248. 


15:0 


Sphingobacterium mizutaii Yabuuchi, Kaneko, Yano, Moss 
and Miyoshi 1983, 595” 


mi.zu'tai.i. N.L. gen. masc. n. mizutaii of Mizuta, named after 
Shunsuke Mizuta, Japanese pediatrician, who first reported 
a case of meningitis in a premature baby from whose spi- 
nal fluid the type strain of the species was isolated. (Note: 
The original spelling mitzae was corrected by Holmes et al. 
(1988). Objective synonym: Flavobacterium mizutaii Holmes, 
Weaver, Steigerwalt and Brenner 1988, 353) 


The following data are taken from Yabuuchi et al. 
(1983). The characteristics are as described for the genus, 
with the following additional information. No sliding or 
gliding translocation occurs. Bile (40%) is tolerated. Acid 
is produced from b-arabinose, cellobiose, fructose, glucose, 
lactose, maltose, mannose, melezitose, rhamnose, salicin, 
and sucrose in oxidation-fermentation medium. Esculin is 
hydrolyzed. 

The following tests are negative: o-galactosidase; acid 
production from ethanol (3%), glycogen, inulin, and man- 
nitol; utilization of malonate; growth at pH 5.0; fumarate 
respiration; hydrolysis of starch and DNA; and reaction on 
egg yolk agar. 

Most strains do not oxidize glycogen or hydrolyze urea. 
Nitrate is not reduced to nitrite, but the type strain and 
some other strains reduce nitrite to N,. 

The major fatty acids are Cg.» Cis. iso, C 
Czo iso 3-OH, with small percentages of C 
C; iso 3-OH. 

The type strain is susceptible to carbenicillin, chloram- 
phenicol, tetracycline, erythromycin, sulfadiazine, and sul- 
famethoxazole-trimethoprim but is resistant to penicillin, 
ampicillin, cephalothin, streptomycin, amikacin, kanamy- 
cin, gentamicin, clindamycin, colistin, and polymyxin B. 

Pathogenicity has not been defined. The natural habitat 
of this organism is not known, but the organism has been 
isolated from clinical specimens. 

DNA G+C content (mol % ): 39.0-41.5 (T). 

Type strain: ATCC 33299, CCUG 15907, CIP 101122, GIFU 
1203, KC1794, LMG 8340, NBRC 14946, NCTC 12149. 


iso 2-OH, and 
C ,,, iso, and 
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Sequence accession no. (16S rRNA gene): AJ438175, D14024, 
M58796. 


Sphingobacterium multivorum (Holmes, Owen and Weaver 
1981) Yabuuchi, Kaneko, Yano, Moss and Miyoshi 1983, 
594%? (Flavobacterium multivorum Holmes, Owen and Weaver 
1981, 25; CDC group IIk biotype 2 of Tatum, Ewing and 
Weaver 1974) 


mul.ti.vo'rum. L. adj. multus many; L. v. vorare to swallow; 
N.L. neut. adj. multivorum intended to mean produces acid 
from many carbohydrates. 


The following data are taken from Holmes et al. (1981) 
and Yabuuchi et al. (1983). No sliding motility occurs on 
semisolid agar medium. A weak acid reaction is observed 
on Kligler iron agar slants. Growth occurs at 18-20°C and 
37°C but not at 5°C and 42°C. Growth occurs in a standard 
mineral base medium containing 0.2% glucose and 0.1% 
(NH,),SO,. 

The following tests are positive: growth on MacConkey 
agar; growth in heart infusion broth adjusted to pH 5.0; 
hydrolysis of urea, esculin, tributyrin, and Tween 20; oxi- 
dase, phosphatase, o-galactosidase, and B-galactosidase; acid 
production (in an ammonium salt medium) from p-arab- 
inose, L-arabinose, cellobiose, fructose, galactose, glucose, 
glycerol, glycogen, inulin, lactose, maltose, mannose, melez- 
itose, raffinose, salicin, sucrose, trehalose, and xylose. 

The following tests are negative: fluorescence on King 
medium B; acid production from adonitol, dulcitol, etha- 
nol (3%), inositol, mannitol, rhamnose, p-ribose, and sorbi- 
tol; alkaline reaction on Christensen citrate agar; growth on 
cetrimide; growth on Simmons citrate; arginine desimidase; 
arginine deaminase; casein hydrolysis; fluorescence on 
King medium B; gas from peptone-water-glucose medium; 
gluconate oxidation; H,S production (by both lead acetate 
paper and triple sugar iron agar methods); indole pro- 
duction; 3-ketolactose production; lysine decarboxylase; 
malonate utilization; ornithine decarboxylase, phenylala- 
nine deaminase; reduction of selenite and nitrate; reduc- 
tion of nitrite to N,; and starch hydrolysis. 

Tests for the following enzyme activities are positive (using 
various API ZYM galleries): alkaline phosphatase, r-leucyl-2- 
naphthylamide hydrolase, acid phosphatase, phosphoami- 
dase, Macetyl-B-p-glucosaminidase, ^ -p-cellobiosidase, 
t-phenylalanyl-2-naphthylamide hydrolase, r-lysyl-2-naph- 
thylamide hydrolase, r-histidyl-2-naphthylamide hydrolase, 
glycyl-2-naphthylamide hydrolase, o-r-aspartyl-2-naphthyl- 
amide hydrolase, L-arginyl-2-naphthylamide hydrolase, 
L-alanyl-2-naphthylamide hydrolase, Sbenzyl-r-cysteyl-2- 
naphthylamide hydrolase, r-methionyl-2-naphthylamide 
hydrolase, L-glycyl-glycyl-2-naphthylamide hydrolase, glycyl- 
L-phenylalanyl-2-naphthylamide hydrolase, glycyl-L-prolyl-2- 
naphthylamide hydrolase, r-leucyl-glycyl-2-naphthylamide 
hydrolase, r-seryl-tyrosyl-2-naphthylamide hydrolase, r-glu- 
taminyl-2-naphthylamide hydrolase, o-r-glutamyl-2-naph- 
thylamide hydrolase, r-ornithyl-2-naphthylamide hydrolase, 
L-seryl-2-naphthylamide hydrolase, L-tryptophyl-2-naphthyl- 
amide hydrolase, and N-carbobenzoxy-glycyl-glycyl-L-argi- 
nyl-2-naphthylamide hydrolase. 

Tests for the following enzyme activities are negative (using 
various API ZYM galleries): esterase (C-4), lipase (C-14), 
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L-cystyl-2-naphtylamide hydrolase, M-benzoyl-pL-arginyl-2- 
naphthylamide hydrolase, N-glutaryl-L-phenylalanyl-2-naph- 
thylamide hydrolase, B-p-glucuronidase, o-b-mannosidase, 
B-p-fucosidase, B-L-fucosidase, Nacetyl-a-p-glucosaminidase, 
arylsulfatase, r-hydroxyprolyl-2-naphthylamide hydrolase, 
Nbenzoyl-L-leucyl-2-naphthylamide hydrolase, N-carboben- 
zoxy-L-arginyl-4-methoxyl-2-naphthylamide hydrolase, and 
L-prolyl-2-naphthylamide hydrolase. 

The major carotenoid pigments were identified as zeax- 
anthin, p-cryptoxanthin, and f-carotene (Jagannadham 
et al., 2000). The major fatty acids extracted from saponi- 
fied whole cells of the type strain are C,, , iso 2-OH, C... iso, 
C,,, and C,,, iso 3-OH. Zeaxanthin and menaquinone-7 
biosynthesis occurs via the methylerythritol phosphate 
pathway (Rosa-Putra et al., 2001). 

The type strain is susceptible to sulfadiazine, sulfame- 
thoxazole-trimethoprim, carbenicillin and gentamicin but 
resistant to penicillin, ampicillin, cephalothin, amikacin, 
kanamycin, colistin, and polymyxin B. Intermediate levels 
of susceptibility are observed with streptomycin, tetracy- 
cline, chloramphenicol, erythromycin, and nalidixic acid. 

DNA G+C content (mol96): 42 (T). 

Type strain: CDC B5533, ATCC 33613, CCUG 11736, CIP 
100541, DSM 11691, GIFU 2812, JCM 21156, LMG 8342, 
NBRC 14947, NCTC 11343, NRRL B-14861. 

Sequence accession no. (16S rRNA gene): AB100738, 
AY787820, D14025. 


Sphingobacterium siyangense Liu, Shen, Wang and Chen 
2008, 1461” 


si.yang.en'se. N.L. neut. adj. siyangense pertaining to Siyang 
in Jiangsu Province, China, the city where the strain was 
isolated). 


Cells are 0.7-0.9x0.8-1.7 um. Colonies are 1.0-2.0 mm 
in diameter, slightly yellowish, convex, circular and smooth 
with entire margins after 2 d on LB agar. Growth occurs 
at 4-42°C; optimum, 30-37°C. Growth occurs at pH 3.0- 
10.0; optimum, 6.0-8.0. Tolerant to 0-4% NaCl; optimum, 
0-296. Growth occurs on nutrient agar and cetrimide agar, 
but not on Simmons' citrate agar or MacConkey agar. 
Oxidase positive. The following tests are positive (API 20E 
system): -galactosidase, arginine dihydrolase, arginine 
decarboxylase, urease, and nitrate reduction. Negative for 
ornithine decarboxylase, lysine decarboxylase, tryptophan 
deaminase, indole and H,S production, and the Voges- 
Proskauer reaction. Starch, DNA, esculin, and Tween 20 
are hydrolyzed but casein, gelatin, carboxymethylcellu- 
lose, Tween 80, and chitin are not. Acid is produced from 
trehalose and r-rhamnose, but not from D-glucose, cello- 
biose, D-galactose, sucrose, p-lactose, melezitose, melibiose, 
raffinose, D-mannitol, p-sorbitol, and inositol. The follow- 
ing substrates are utilized: D-xylose, melibiose, turanose, 
maltose, D-fructose, D-glucose, D-lactose, sucrose, L-sorbose, 
trehalose, D-galactose, raffinose, L-rhamnose, r-arabinose, 
cellobiose, D-ribose, D-mannose, melezitose, i-erythritol, 
adonitol, L-arabitol, xylitol, p-sorbitol, p-mannitol, salicin, 
inulin, dextrin, Macetyl-p-glucosamine, gluconate, lysine, 
amygdalin and glycerol; inositol, acetate, malonate, and 
tyrosine are not utilized. The predominant fatty acids are 
C.. iso (32.9%), C... (10.9%) and summed feature 3 (C 
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Source: soil sample from Jiangsu Province, PR China. 
DNA G+C content (mol % ): 38.5 (T. ). 


Type strain: SY1, CGMCC 1.6855, KCTC 22131. 
Sequence accession no. (168 rRNA gene): EU046272. 


13. Sphingobacterium thalpophilum (Holmes, Hollis, Steiger- 


walt, Pickett and Brenner 1983) Takeuchi and Yokota 1993, 
864°” (Effective publication: Takeuchi and Yokota 1992, 
479) (Flavobacterium thalpophilum Holmes, Hollis, Steiger- 
walt, Pickett and Brenner 1983, 679) 


thal.po’phi.lum. Gr. n. thalpos warmth; Gr. neut. adj. philon 
loving; N.L. neut. adj. thalpophilum warmth-loving. 


The following data are taken from Holmes et al. (1983), 
Dees et al. (1985), and Takeuchi and Yokota (1993). No 
sliding motility occurs. Colonies on nutrient agar are cir- 
cular, low convex, smooth, and opaque after 2 d. Eventu- 
ally a yellow pigment is produced that is not fluorescent. 
Nonhemolytic on 5% (v/v) horse blood agar. No brown 
pigment is produced on tyrosine agar. Growth occurs at 
room temperature (18-22°C) and at 37°C and at 42°C but 
not at 5°C. 

Does not tolerate 0.0075% KCN. Growth occurs on 
B-hydroxybutyrate agar (without production of lipid inclusion 
granules) and on MacConkey agar, but not on cetrimide agar. 

The following tests are positive: acid slant and weak acid 
on Triple iron agar (TSI) slants; utilization of L-arabinose, 
cellobiose, D-fructose, D-glucose, inulin, maltose, raffinose, 
sucrose, and D-xylose; reduction of nitrate to nitrite; cata- 
lase, phosphatase, urease, phosphatase, and p-p-galactosi- 
dase; acid production in ammonium salt medium under 
aerobic conditions from glucose, adonitol, D- and L-arabi- 
nose, cellobiose, fructose, L-fucose, glycerol, inulin, lactose, 
maltose, p-raffinose, rhamnose, salicin, sucrose, trehalose, 
and xylose; acid production from 1046 (w/v) glucose and 
lactose; hydrolysis of Tween 20, Tween 80, esculin, DNA, 
and tributyrin; production of o-galactosidase, f-glucosi- 
dase, esterase (C4), cystine arylamidase, valine arylamidase, 
a-mannosidase, and o-fucosidase. 

The following tests are negative: acid production from 
ethanol (3%), r-lyxose, mannitol, p-ribose, sorbose, and 
xylitol; hydrolysis of casein; nitrite reduction; opales- 
cence on lecithovitellin agar; citrate utilization; malonate 
utilization; gluconate oxidation; arginine deimidase; 
arginine deaminase; lysine decarboxylase; ornithine 
decarboxylase; phenylalanine deaminase; production of 
3-ketolactose; indole production; H,S production; sel- 
enite production; production of acid in ammonium salt 
medium under aerobic conditions from dulcitol, etha- 
nol, inositol, mannitol, and sorbitol; gas from glucose in 
peptone water medium. 

Starch hydrolysis was reported as negative by Holmes 
et al. (1983) but positive by Dees et al. (1985). DNase was 
reported negative by Takeuchi and Yokota (1992) but posi- 
tive by Dees et al. (1985) and positive for six of seven strains 
by Holmes et al. (1983). 

The following substrates are hydrolyzed (using API 
ZYM galleries): 2-naphthyl phosphate at pH 8.5; L-leucyl- 
2-naphthylamide; 2-naphthyl phosphate at pH 5.4 
naphthol-AS-B-phosphodiamide; ^ 2-naphthyl-a p-glu- 
copyranoside; 1-naphthyl-NMacetyl-B-p-glucosaminide; 
4-methylumbelliferyl-cellobiopyranoside; L-pyrrolidonyl-p- 


GENUS Il. PEDOBACTER 


naphthylamide;r-lysyl-B-naphthylamide;r-histidyl-B-naphthyl- 
amide; glycyl-B-naphthylamide; r-aspartyl-B-naphthylamide; 
L-arginyl-B-naphthylamide;L-alanyl-B-naphthylamide;y-L-glu- 
tamyl-B-naphthylamide; S-benzyl-L-cysteyl-B-naphthylamide; 
pL-methionyl-p-naphthylamide; glycyl-glycyl-B-naphthylam- 
ide hydrobromide; glycyl-L-phenylalanyl-B-naphthylamide; 
glycyl-L-prolyl-B-naphthylamide; r-eucyl-glycyl-B-naphthyl- 
amide; L-seryl-L-tyrosyl-B-naphthylamide; r-glutamine-B- 
naphthylamidehydrochloride; a-L-glutamyl-B-naphthylamide; 
L-ornithyl-B-naphthylamide; L-seryl-B-naphthylamide; L-thre- 
onyl-B-naphthylamide; L-tryptophyl-B-naphthylamide; and 
N-carbobenzoxy-glycyl-glycyl-L-arginine-B-naphthylamide. 
No hydrolysis of the following substrates occurs 


(using API ZYM galleries): 2-naphthyl butyrate; 
2-naphthyl myristate; L-cystyl-2-naphthylamide; N-ben- 
zoyl-DL-arginine-2-naphthylamide; | N-glutaryl-phenylala- 


nine-2-naphthylamide; naphthol-AS-B1-B-p-glucuronic 
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acid; 6-bromo-2-naphthyl-a-b-mannopyranoside; 6-bromo- 
2-naphthyl-B-p-xylopyranoside;  j-nitrophenyl-a-b-xylopyra- 
noside; pnitrophenyl-B-p-fucopyranoside; p-nitrophenyl-B- 
L-fucopyranoside; onitrophenyl-Nacetyl-a-r-glucosaminide; 
t-hydroxyprolyl-B-naphthylamide; N-benzoyl-L-leucyl-B-naph- 
thylamide; L-isoleucyl-B-naphthylamide; and L-prolyl-B-naph- 
thylamide hydrochloride. 

The major nonpolar fatty acids from whole cells are C... 
iso, Cier Ciso 2-OH, Cipo 3-OH, and Cz iso 3-OH. 

Resistant to ampicillin, carbenicillin, cephalothin, amikacin, 
gentamicin, kanamycin, tobramycin, chloramphenicol, and tet- 
racycline (strain K-1232 is susceptible). Susceptible to rifampin. 

DNA G+C content (mol % ): is 42-45 (T). 

Type strain: K-1173, ATCC 43320, CCUG 22397, CIP 
100935, NBRC 14963, NCTC 11429, NRRL B-14902. 

Sequence accession no. (16S rRNA gene): AJ438177, D14020, 
M58779. 


Genus Il. Pedobacter Steyn, Segers, Vancanneyt, Sandra, Kersters and Joubert 1998, 171"? 


RosA MARGESIN AND SISINTHY SHIVAJI 


Pe.do.bac’ter. Gr. neut. n. pedon soil; N.L. masc. n. bacter rod; N.L. masc. n. Pedobacter rod from soil. 


Rod-shaped cells, 0.5-0.9x0.8-3.2 um. Gram-stain-negative. 
Endospores are not formed. Nonmotile (Pedobacter africanus, 
Pedobacter caeni, Pedobacter roseus, Pedobacter suwonensis, Pedobacter 
piscium, Pedobacter himalayensis) or motile by gliding (Pedobacter 
heparinus, Pedobacter cryoconitis, Pedobacter saltans) . Aerobic. Isolates 
grow at 5°C; maximum temperature for growth is 25°C (Pedo- 
bacter cryoconitis, Pedobacter himalyensis) or 30°C; Pedobacter saltans 
and Pedobacter suwonensis grow at 37°C. Colonies on solid media 
are round (diameter, 0.5-4 mm), convex with entire margins, 
pale white or pigmented (yellow to pink), sometimes mucoid/ 
slimy (Pedobacter caeni, Pedobacter cryoconitis, Pedobacter himalayensis, 
Pedobacter suwonensis). Catalase-, oxidase-, and phosphatase-pos- 
itive; esculin hydrolysis positive. Nitrate reductase- and urease- 
negative. H,S is not produced from thiosulfate; indole is not 
produced from tryptophan. Chemoorganotrophic with oxidative 
type of metabolism. Glucose is not fermented. p-Glucose, p-lac- 
tose, D-maltose, D-mannose, L-melibiose, Macetylglucosamine, 
salicin, sucrose, and trehalose are used as sole carbon sources. 
Adipate, caprate, citrate, citric acid, D-arabitol, L-arabitol, 
D-fucose, lysine, D-lyxose, malate, p-tagatose, dulcitol, inositol, 
5-ketogluconate, phenylacetate, and L-sorbose are not utilized as 
sole carbon sources. Acid is not produced from r-adonitol and 
L-rhamnose. Major fatty acids are C; iso 2-OH/C,,, 076 Ciso 
iso, and C, iso 3-OH. All the species are phylogenetically closely 
related to one another at the 16S rRNA gene level (29596) except 
Pedobacter saltans, which shows >10% difference. 

DNA G+C content (mol 96): 36—45. 

Type species: Pedobacter heparinus (Payza and Korn 1956) 
Steyn, Segers, Vancanneyt, Sandra, Kersters and Joubert 1998, 
175°; (Flavobacterium heparinum Payza and Korn 1956, 854; 
Cytophaga heparina Christensen 1980, 474; Sphingobacterium hepa- 
rinum Takeuchi and Yokota 1992, 465—482). 


Further descriptive information 


At the time of writing, nine species of Pedobacter had been 
described; five of them since 2003. See the Editorial note, below, 


for a listing of the 22 species since published. However, only 
the type species Pedobacter heparinus has been studied in detail. 
Systematic investigations do not exist. In this edition of the 
Manual, the genus Pedobacter is included in the phylum Bacte- 
roidetes, class Sphingobacteriia, order Sphingobacteriales, and family 
Sphingobacteriaceae. 


Cell morphology. Cells of Pedobacter are rod shaped (0.5—0.9 
um wide) with rounded or slightly tapering ends. The length 
of the rods varies from short (0.5-1.0 um) to long (up to 6-10 
um) Figure 58. Filament formation has been observed with 
Pedobacter caeni, and occasionally with Pedobacter heparinus. No 
flagella or pili have been observed. 


Cell-wall composition. The cell wall of Pedobacter spe- 
cies is Gram-stain-negative and there is a need to study its 


FIGURE 58. Phase-contrast photomicrograph of Pedobacter heparinus 
DSM 2366, grown in nutrient broth for 24 h at 30 °C. Bar = 10 um. 
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ultrastructural characteristics. It possesses sphingolipids, but 
little is known with respect to other lipids that may be present. 
Pedobacter cryoconitis produces an extracellular mucous poly- 
saccharide capsule (Margesin et al., 2003). This could be an 
adaptative feature, as it is generally observed in psychrophilic 
microorganisms (Gounot, 1999). Psychrophilic species of Pedo- 
bacter, namely Pedobacter cryoconitis and Pedobacter himalayensis, 
also produce mucus (Margesin et al., 2003; Shivaji et al., 2005), 
and colonies of mesophilic Pedobacter caeni (Vanparys et al., 
2005) are slimy. In these species, the chemical nature of the 
mucus and the slime is yet to be determined. All species of 
Pedobacter contain MK-7 as the major menaquinone (68-90%) 
(Kwon et al., 2007; Shivaji et al., 2005; Steyn et al., 1998), how- 
ever, the composition of the menaquinones varies from species 
to species. In Pedobacter himalayensis (Shivaji et al., 2005), the 
menaquinones present are MK-7 (68%), MK-7 (H,) (5%), MK-8 
(6%), MK-8 (H,) (13%), and MK-9 (H,) (8%). In Pedobacter 
suwonensis (Kwon et al., 2007), MK-7 constitutes 90.5% of the 
total, with MK-9 (5.6%), and MK-8 (3.9%) constituting less than 
10% together. The predominance of MK-7 in the genus Pedo- 
bacter is a characteristic feature of the family Sphingobacteriaceae 
and is a discriminating chemotaxonomic feature that differenti- 
ates Pedobacter from Cytophaga (Reichenbach, 1989). 

The cellular fatty acid composition of the various species of 
Pedobacter has been studied as a chemotaxonomic marker, and 
the predominant fatty acids are C, iso, C}; iso 2-OH, C; iso 
3-OH, Ciso C,,, @7¢, C,, iso @9c, and C, iso 3-OH (Dees etal., 
1985; Hwang et al., 2006; Kwon et al., 2007; Shivaji et al., 2005; 
Steyn et al., 1998; Takeuchi and Yokota, 1992; Vanparys et al., 
2005, 1983; Yabuuchi and Moss, 1982). In eight of the species, 
namely Pedobacter suwonensis, Pedobacter himalayensis, Pedobacter 
cryoconitis, Pedobacter heparinus, Pedobacter africanus, Pedobacter 
piscium, Pedobacter saltans, and Pedobacter caeni, all of the above 
seven fatty acids are present, but in Pedobacter roseus, C; iso 
3-OH, Ciso and C,,, iso w9c are absent and C,,, iso 3-OH is 
unique to the species (Hwang et al., 2006). Quantitatively, the 
predominant fatty acid is C,,, iso (15-35%), followed by C,., 
@7c (20-31%) (Kwon et al., 2007; Margesin et al., 2003; Shivaji 
et al., 2005). As a group, the branched-chain fatty acids, (C. 
iso, C, iso 2-OH, C,,, iso 3-OH, C, iso 9c, and C,,, iso 
3-OH), constitute 70-80% of the total fatty acids. The unsatu- 
rated fatty acid C,,, @7c is also present in substantial quantities 
(20-30%) and the saturated fatty acid C,,, constitutes 3-9% of 
the total cellular fatty acid content (Shivaji et al., 2005; Steyn 
et al., 1998). The other fatty acids that are observed in a few of 
the species of Pedobacter in trace amounts or <5% of the total 


fatty acid composition include C, ,,, Ciso C,,, @6¢, C,., anteiso, 
Cisr 956 Ciso 10 methyl, Ciso 2-OH, Ciso SOH C,,, anteiso 
9c, and C,,,, iso 3-OH (Shivaji et al., 2005; Steyn et al., 1998; 


Vanparys et al., 2005). The preponderance of branched and 
unsaturated fatty acids in species of Pedobacter would imply that 
the membranes of these bacteria prefer increased membrane 
fluidity, since branched and unsaturated fatty acids are known 
to increase membrane fluidity and unbranched and saturated 
acids decrease it (Chintalapati et al., 2005; Shivaji, 2005). It is 
also interesting to note that a characteristic feature of all the 
representatives of Sphingobacteriaciae, including the species 
belonging to the genera Sphingobacterium and Pedobacter, is the 
presence of significant amounts of C,., iso, Cj, iso 2-OH, C,,, 
9c, and C, iso 3-OH (Shivaji et al., 2005; Steyn et al., 1998). 
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FAMILY |. SPHINGOBACTERIACEAE 


This feature also differentiates Pedobacter from other genera of 
the family Flavobacteriaceae (Bernardet et al., 1996). 

Cellular polyamine analysis of Sphingobacterium antarcticus 
(Shivaji et al., 1992), Sphingobacterium multivorum, Sphingobac- 
terium spiritivorum, Pedobacter heparinus, Pedobacter piscium, and 
Flexibacter canadensisindicated that homospermidine is the major 
polyamine. These three genera are phylogenetically related based 
on 16S rRNA gene sequence and also with respect to the pres- 
ence of homospermidine. Therefore, homospermidine could 
serve as a chemotaxonomic marker (Hamana and Nakagawa, 
2001b) of these closely related genera. Pedobacter heparinum 
and Pedobacter piscium contain homospermidine in amounts of 
2.5 umol/g wet weight. Pedobacter heparinum also contains low 
amounts of putrescin and spermidin (0.04 and 0.07 umol/g wet 
weight, respectively). Cadaverine, spermine, and agmatine were 
not detected (Hamana and Nakagawa, 2001b). 


Colonial characteristics. Colonies on solid media are 
round, convex, with entire margins. They become visible on 
nutrient agar after 48 h at 20-25°C, and are typically 1-4 mm 
in diameter. Pedobacter caeni colonies range from 0.5 to 8 mm in 
diameter (Vanparys et al., 2005). The size of the colonies varies 
with the temperature, age, and growth medium. Colonies are 
smaller when growth conditions are suboptimal and unfavor- 
able (personal observations). 

Most species of Pedobacter are pigmented. On nutrient agar, 
the pigment color is yellow in Pedobacter cryoconitis, Pedobacter hep- 
arinus, Pedobacter africanus, Pedobacter piscium, Pedobacter saltans, 
and Pedobacter caeni; pinkish yellow in Pedobacter suwonensis; and 
pink in Pedobacter roseus (Hwang et al., 2006; Kwon et al., 2007; 
Margesin et al., 2003; Shivaji et al., 2005; Steyn et al., 1998; Van- 
parys et al., 2005). Colonies of Pedobacter himalayensis and Pedo- 
bacter saltans are pale white (Shivaji et al., 2005). The intensity 
of pigmentation varies considerably and may be affected by the 
growth medium, the incubation temperature, and the incuba- 
tion period. The degree of pigmentation is more pronounced 
with aging: colonies may be initially creamy white and then 
turn to yellow. The pigments are cell bound and do not diffuse 
into the medium, and the color may vary from translucent yel- 
low to dirty yellow or bright yellow depending on the media 
composition, as observed in Pedobacter heparinus (Christensen, 
1980; Payza and Korn, 1956; Steyn et al., 1998). The pigments 
are nonfluorescent in ultraviolet light. The pink pigment in 
Pedobacter roseus shows an absorption maximum at 481—482 nm 
and a shoulder at 499-500 nm and differs from the yellow pig- 
ment of Pedobacter heparinus which shows two distinct absorption 
peaks at 452 and 477 nm (Hwang et al., 2006). These pigments 
of the various pigmented species of Pedobacter are not of the 
flexirubin type and do not give a flexirubin reaction with 2096 
KOH (Hwang et al., 2006; Kwon et al., 2007; Steyn et al., 1998; 
Vanparys et al., 2005). Flexirubin pigments reversibly change 
color from yellow, orange, or pink to violet-red or purple-brown 
when exposed to KOH (Reichenbach, 1989) and are a char- 
acteristic feature of Flexibacter, Sporocytophyga, and many species 
of Flavobacterium (Hirsch, 1980; Humphrey and Marshall, 1980; 
Jooste, 1985; Oyaizu et al., 1982; Reichenbach et al., 1981). 

Macroscopically visible formation of slime/mucus on solid 
media is a typical feature of Pedobacter caeni, Pedobacter cryoco- 
nitis, Pedobacter himalayensis, and Pedobacter suwonensis (Margesin 
et al, 2003; Shivaji et al, 2005; Vanparys et al, 2005). 


GENUS II. PEDOBACTER 


Slime formation is more pronounced with aged cultures and 
induced by low temperature and on media with low nutrient 
contents (personal observations). 

Cells are nonmotile (Pedobacter africanus, Pedobacter caeni, 
Pedobacter roseus, Pedobacter suwonensis, Pedobacter piscium, Pedo- 
bacter himalayensis) or motile by gliding (Pedobacter heparinus, 
Pedobacter cryoconitis, Pedobacter saltans) (Hwang et al., 2006; 
Kwon et al., 2007; Margesin et al., 2003; Shivaji et al., 2005; 
Steyn et al., 1998; Vanparys et al., 2005). Gliding usually results 
in spreading growth on solid media (Christensen and Cook, 
1972). No flagella or pili have been observed (Hwang et al., 
2006; Steyn et al., 1998). 


Nutrition and growth conditions. All nine Pedobacter species 
are able to grow at 5°C in nutrient broth and on nutrient agar. 
The optimum temperature for growth (in terms of growth rate) 
is 20°C for species isolated from cold habitats (Pedobacter cryoco- 
nitis, Pedobacter himalayensis, Pedobacter piscium) , whereas isolates 
from temperate regions grow best at 25-30°C (Pedobacter hepa- 
rinus, Pedobacter africanus, Pedobacter caeni, Pedobacter roseus) or 
34°C (Pedobacter suwonensis). The maximum growth tempera- 
ture is 25°C for Pedobacter himalayensis and Pedobacter cryoconitis, 
and 30°C for Pedobacter africanus and Pedobacter piscium. Growth 
at 37°C has only been reported for Pedobacter saltans and Pedo- 
bacter suwonensis and for some strains of Pedobacter heparinus 
(Steyn et al., 1998; Takeuchi and Yokota, 1992); slow growth 
at 37°C has been reported for Pedobacter caeni (Vanparys et al., 
2005). 

The pH range for growth in liquid complex media is 5-8 
(Pedobacter cryoconitis, Pedobacter suwonensis), 6-8 (Pedobacter 
Toseus), or 6-10 (Pedobacter himalayensis); the optimum pH for 
growth is 7 (Hwang et al., 2006; Kwon et al., 2007; Margesin 
et al., 2003; Payza and Korn, 1956; Shivaji et al., 2005). Most 
Pedobacter species grow in the presence of 2% (w/v) NaCl, and 
Pedobacter himalayensis grows in the presence of 5% (w/v) NaCl 
(Shivaji et al., 2005). 


Metabolism and metabolic pathways. Pedobacter species are 
chemoorganotrophic with an oxidative type of metabolism. 
Glucose is not fermented. The carbohydrates most frequently 
attacked (and utilized as sole carbon source) are D-glucose, 
p-lactose, D-maltose, D-mannose, melibiose, M-acetylglu- 
cosamine, salicin, sucrose, trehalose, and often arbutin. Adi- 
pate, caprate, citrate, citric acid, p-arabitol, L-arabitol, p-fucose, 
lysine, D-lyxose, malate, D-tagatose, dulcitol, inositol, 5-keto- 
gluconate, phenylacetate, and L-sorbose are not utilized as 
sole carbon sources; D-xylitol and erythritol are utilized rarely. 
Acid is produced from a range of carbohydrates but not from 
p-adonitol and L-rhamnose, and rarely from b-sorbitol. Most 
species are not able to grow on MacConkey’s agar; exceptions 
are Pedobacter himalayensis and Pedobacter roseus (Hwang et al., 
2006; Shivaji et al., 2005). 

Pedobacterstrains degrade a wide range of organic compounds 
such as the volatile organic compounds ethyl benzene, m-xylene, 
stryrene, and oxylene (Khomenkov et al., 2005); synthetic poly- 
peptides such as high-molecular mass (5000-150,000) polymers 
of polyaspartic acid (Tabata et al., 2000); and diesel oil (Mar- 
gesin et al., 2003). 

The major respiratory isoprenoid quinone is MK-7 (91% 
in Pedobacter suwonensis, 68% in Pedobacter himalayensis). MK-8 
(4-696) and MK-9 (6-896) have been found in small amounts 
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in Pedobacter himalayensis (Kwon et al., 2007; Shivaji et al., 2005) 
(see above). 

All strains show activities of f-galactosidase and phosphatase 
(alkaline and acidic). Most strains are proteolytic and hydro- 
lyze gelatin. Pedobacter cryoconitis produces a cold-active metallo- 
protease (Margesin et al., 2005). Nitrate reductase, thiosulfate 
reductase (H,S production from thiosulfate), urease, and 
tryptophan deaminase (indole production) are generally not 
produced. Arginine dihydrolase is only produced by Pedobacter 
himalayensis. Leucine arylamidase and naphthol phosphohy- 
drolase is frequently produced, whereas cystine arylamidase, 
P-glucuronidase, and lipase (C,,) are rarely produced (Hwang 
et al, 2006; Kwon et al., 2007; Margesin et al., 2003; Shivaji 
et al., 2005; Steyn et al., 1998; Takeuchi and Yokota, 1992; Van- 
parys et al., 2005). 

A characteristic property of Pedobacter heparinus is the pro- 
duction of heparinases and chondroitinases. These enzymes 
are polysacharide lyases that employ an elimination mechanism 
to cleave glycosoaminoglycans. Heparinases (EC 4.2.2.7) cleave 
heparin-like glycosoaminoglycans, such as (sulfated) heparin 
and heparan sulfate. Pedobacter heparinus utilizes heparin as its 
sole source of carbon, nitrogen, and sulfur. Heparin catabo- 
lism occurs both aerobically (higher activity at pH 6.5 than at 
pH 8.5) and anaerobically (higher activity at pH 8.5 than at pH 
6.5) (Payza and Korn, 1956). The bacterium produces three 
different heparinases that differ in size, charge properties, and 
substrate specificities. Heparinase I primarily cleaves heparin 
and contains two unique calcium-binding sites, one of which 
is directly involved in enzymic activity (Shriver et al., 1999). 
Heparinase II degrades both heparin and heparan sulfate; it 
exhibits a stronger affinity toward heparin but its turnover rate 
of heparan sulfate is higher. The enzyme has been crystallized 
(see Shaya et al., (2004) and references therein) and differs 
from heparinase III in substrate specificity (Wei et al., 2005). In 
addition to Pedobacter heparinus, other Pedobacter species (Pedo- 
bacter africanus, Pedobacter caeni, Pedobacter suwonensis, Pedobacter 
himalayensis, Pedobacter saltans) also show heparinase activity. 

Pedobacter heparinus produces two chondroitinases (Gu et al., 
1995). Chondroitin is a sulfated mucopolysaccharide that con- 
sists of glucuronic acid and Macetylgalactosamine units. Chon- 
droitinase B from Pedobacter heparinus is the only known lyase 
that is strictly specific for the glycosaminoglycan dermatan sul- 
fate. Michel et al. (2004) combined crystallographic structural 
data, enzyme kinetic analysis, and modeling to develop a more 
complete understanding of how chondroitinase B degrades 
dermatan sulfate and demonstrated the essential role of cal- 
cium for enzyme activity. The enzyme is an important enzymic 
tool for the identification and structural characterization of gly- 
cosaminoglycans, which are modified in many human diseases 
(Aguilar et al., 2003). 


Genetics. Flavobacterium heparinum which is now known as 
Pedobacter heparinusis the most extensively studied species of the 
genus Pedobacter because of its ability to produce three hepari- 
nases (Lohse and Linhardt, 1992; Yang et al., 1985) and two 
chondroitinases (Gu et al., 1995). The genetics of this genus 
developed because of the commercial importance of these 
enzymes. Su et al. (2001) were the first to report a genetic sys- 
tem, pIBXF1, a mobile conjugative plasmid, for the introduc- 
tion of heterologous DNA into this bacterium. pIBXFl was 
constructed by assembling (a) an Escherichia coli mobile plasmid, 
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a derivative of plB21, for conjugative DNA transfer; (b) a DNA 
fragment from Flavobacterium heparinum to facilitate homolo- 
gous recombination; and (c) the trimethoprim resistance gene 
(Tp) of Flavobacterium heparinum under the control of the hepA 
regulatory region. Blain et al. (2002) used pIBXF1 and showed 
that the transconjugants of Flavobacterium heparinum expressed 
high levels of the three heparinase genes (hepA, hepB, and 
hepC) encoding Hepl, Hepll, and HepllI, respectively, and the 
two chondroitinase genes (cs/A and csIB) encoding ChnA and 
ChnB. The heparinases Hepl, HepII, and HeplIII and the chon- 
droitinases ChnA and ChnB from the recombinant Flavobacte- 
rium heparinum strains were purified and shown to be identical 
to their native counterparts (Blain et al., 2002; Gu et al., 1995; 
Lohse and Linhardt, 1992; Yang et al., 1985). Earlier, for the 
want of an expression system in Flavobacterium heparinum, hepa- 
rinases and chondroitinases were expressed in Escherichia coli 
(Sasisekharan et al., 1993; Su et al., 1996; Tkalec et al., 2000), 
but degradation of protein and formation of inclusion bodies 
made the process inefficient. 

Molecular analysis of the heparinase genes, hepA (Sasisekha- 
ran et al., 1993), hepB, and hepC (Su et al., 1996), revealed no 
significant homology either at the DNA or protein levels, nor 
were they closely linked on the Flavobacterium heparinum chro- 
mosome (Su et al., 1996). Structural and functional studies 
employing chemical modifications and site-directed mutagen- 
esis indicated that in HepI and Hepll a histidine residue was 
critical for the catalytic function (Godavarti and Sasisekharan, 
1998; Shriver et al., 1998), and two putative calcium-binding 
sites in Hepl were essential for the catalytic function (Liu et al., 
1999; Shriver et al., 1999). Further, crystallization of HeplI 
revealed that it is a unit of two molecules, which is consistent 
with the finding that recombinant Hepll functions as a dimer 
in solution (Shaya et al., 2004). 

The two chondoritinase genes (cs/A and cslB) also share no 
significant homology either at the DNA or peptide level. They 
are separated by approximately 5 kbp on the Flavobacterium 
heparinum chromosome, are translated in the same orientation 
(Tkalec et al., 2000), and are not linked to the hep genes. Crys- 
tal structures of both the enzymes (Fethiere et al., 1999, 1998; 
Huang et al., 1999; Li et al., 1998) suggest that the chondroi- 
tinases are very different with respect to their structures and 
catalytic mechanisms. Michel et al. (2004) studied the structure 
of chondroitinase B complexed with several dermatan sulfate 
and chondroitin sulfate oligosaccharides and demonstrated 
that chondroitinase B absolutely requires calcium for its activ- 
ity, indicating that the protein-Ca?-oligosaccharide complex 
is functionally relevant. A feature common to the heparinases 
and chondroitinases from Flavobacterium heparinum is that 
these enzymes are posttranslationally modified by glycosyla- 
tion (Huang et al., 1995) and that the glycosylation site(s) con- 
tains the consensus sequence Asp-Ser or Asp-Thr, similar to the 
sequence described for Flavobacterium meningosepticum (Plum- 
mer et al., 1995). 

Heparinases and chondroitinase from Flavobacteriwm hepari- 
numare presently being developed for therapeutic applications. 
Hepl has been used to neutralize the anticoagulant properties 
of heparin (Baug and Zimmermann, 1993). HepI and HeplII 
regulate cell adhesion, differentiation, migration, and prolif- 
eration (Jackson et al., 1991; Kjellen and Lindahl, 1991; Silver, 
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1998). ChnA and ChnB inhibit fibroblast proliferation and 
tumor cell invasion, proliferation, and angiogenesis (Denholm 
etal., 2000). 


Antibiotic or drug sensitivity. Sensitivity to sulfamethox- 
azole and resistance to amikacin (conferring p-lactamase activ- 
ity), ampicillin, gentamicin, and kanamycin are characteristic 
features of most Pedobacter species. Resistance of the type strain, 
Pedobacter heparinus, to gentamicin (60 ug/ml) and kanamycin 
(100 ug/ml), and its sensitivity to chloroamphenicol (100 ug/ 
ml), erythromycin (300 ug/ml), and tetracycline (50 ug/ml), 
are useful selective markers for the genetic manipulation of the 
strain (Su et al., 2001). Information on minimal inhibitory con- 
centrations (MIC) of antimicrobial agents is not available. 

Pedobacter species isolated from fruit bodies of Clitocybe species 
(Agaricales) is capable of detoxifying tolaasin, an extracellular 
toxin that induces brown blotch disease of cultivated mushrooms 
(Tsukamoto et al., 2002). Cells are released into water from the 
fungal fruit bodies without disrupting the fungal cells, which 
indicates that the bacteria are attached to the surface of fungal 
mycelia rather than residing in the fungal protoplasm. 


Pathogenicity. Pedobacter strains are classified in Biohazard 
group 1, which consists of organisms that are unlikely to cause 
human disease. Strains should be handled under containment 
level 1 and can be distributed unrestrictedly to any bona fide 
teaching, research, or industrial institution. 


Ecology. All representatives of the genus Pedobacter have 
been isolated from environmental terrestrial and aquatic habi- 
tats, such as soil (Pedobacter heparinus, Pedobacter africanus, Pedo- 
bacter suwonensis, Pedobacter saltans) , activated sludge (Pedobacter 
africanus) , glacier cryoconite (Pedobacter cryoconitis) , glacial water 
(Pedobacter himalayensis), and freshwater. Other Pedobacterstrains 
have been associated with fish (Pedobacter piscium) or fruit bod- 
ies of Agaricales ( Clitocybesp.), are members of the microflora in 
a commercial nitrifying inoculum (Pedobacter caent), are found 
in liquid swine manure, or found in maple sap at the taphole 
of maple trees (Hwang et al., 2006; Kwon et al., 2007; Lagace 
etal., 2004; Leung and Topp, 2001; Margesin et al., 2003; Shivaji 
et al., 2005; Steyn et al., 1992; Tabata et al., 2000; Takeuchi and 
Yokota, 1992; Vanparys et al., 2005). Pedobacterstrains have been 
found worldwide and under various climate conditions rang- 
ing from cold regions (Himalayan Mountains, India; Tyrolean 
Alps, Austria; Iceland) to temperate regions (Belgium, Russia, 
Canada, USA, Japan, Korea, and South Africa). 


Enrichment and isolation procedures 


No special procedure is required for the isolation of Pedobacter 
strains. They have been isolated either by direct isolation tech- 
nique or after enrichment appropriate for aerobic bacteria. For 
isolation, a suitable buffered diluent is used to release microbial 
cells from the matrix of a representative amount of sample, and 
the suspension is diluted to a cell density suitable for enumera- 
tion on agar plates. Dilutions are spread onto the surface of 
solid media for cultivation. An enrichment procedure has been 
described for Pedobacter caeni (Vanparys et al., 2005). The time 
and temperature required for growth of Pedobacter colonies 
depend on the species and on the environmental conditions 
prevailing in the natural habitat of the isolates. Colonies appear 
after 2-3 d at 20-30?C, or after 4—7 d at 10°C. Recommended 
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media for isolation of Pedobacter strains include commercially 
available trypticase soy agar (TSA; Difco), nutrient agar (NA; 
Difco), and R,A agar (Difco). 


Maintenance procedures 


The bacteria can be maintained in the laboratory by regular 
transfer (subculturing) on the medium used for isolation (most 
commonly used media are TSA, NA, R,A) and storage of the 
plates at 1-4°C. For long-term preservation, storage in liquid 
nitrogen (-196°C) or at -80*C in 10% skimmed milk or in R2A 
broth supplemented with 30% (v/v) glycerol is recommended. 
Culture collections distribute Pedobacter strains as (vacuum) 
dried cultures. 


Procedures for testing special characters 


Heparinase. The presence of heparinase can be detected by 
following the disappearance of heparin in inoculated growth 
media (Gesner and Jenkin, 1961) or by the production of acid 
formed as a result of the fermentation of the heparin (Salyers 
et al., 1977). Two plate assays for detecting heparinase activity 
in growing cells on heparin agar plates have been developed. 
The test medium described by Joubert et al. (1984) contains 
phytone (soybean meal digest; 10 g/1), yeast extract (1 g/1), 
heparin (Grade II, from porcine intestinal mucosa; Sigma; 
1mg/ml),sodium chloride (1 g/1), barium chloride (1 mg/ml), 
and purified agar (15 g/1). A loopful of a broth culture of the 
organism to be tested is spread onto the surface of the agar 
plate, and the inoculated plate is incubated for 4—5 d at 25°C. 
Sulfate is released by the breakdown of heparin and reacts with 
barium chloride to form an insoluble white precipitate of bar- 
ium sulfate on the agar plates. The required incubation time 
(2-5 d) for the precipitate to form depends on the strain. 

Zimmermann et al. (1990) recommends growing the bac- 
teria (Pedobacter heparinus) on Luria-Bertani (LB) agar plates 
containing heparin (1mg/ml) for 48 h at 30°C. The cells 
are washed from the plates with distilled water, and 5 ml of a 
protamine sulfate solution (from salmon; Sigma; 2%) is poured 
onto the plates. After 1-2 h at room temperature, a clear zone 
surrounding heparinase-producing cells is observed. Activity of 
concentrated/purified enzyme solutions can be detected after 
1 h at 37°C. The method is based on the differential precipita- 
tion of heparin and heparinase-generated heparin fragments 
by protamine sulfate. 

Itis important to note that growth conditions must be appro- 
priate for the strains to be tested. Purified agar or agarose must 
be used, because ordinary laboratory grade agar is contami- 
nated with sulfate, which can give false-positive results. Con- 
tamination with sulfated mucopolysaccharides of animal origin 
must also be avoided (Joubert et al., 1984). 


Chondroitinase. An agar plate assay can be used to dem- 
onstrate chondroitinase activity in growing cells. The medium 
and the procedure are similar to those described previously for 
the detection of heparinase activity, but the medium contains 
chondroitin sulfate (Sigma Chemical Co., grade II, from whale 
or shark cartilage; 5 g/l) (Joubert et al., 1984). Aguilar et al. 
(2003) developed an improved spectrophotometric method to 
measure chondroitinase activity in cell suspensions. Cells are 
incubated with chondroitin sulfate or dermatan sulfate, and 
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substrate degradation is followed with the Dimethylmethylene 
Blue assay. 


Utilization of organic compoundsassolecarbonsources. This 
can be tested on the basis of colony formation on mineral 
medium agar supplemented with 0.1-0.5% of carbon source, or 
on the basis of growth (optical density) in liquid cultures (Hwang 
et al., 2006; Margesin et al., 2003; Shivaji et al., 2005). 


Enzyme activities. Special care has to be given to incuba- 
tion temperature when testing enzyme activity. With cold-toler- 
ant strains, the optimum temperature for enzyme production is 
often considerably lower (5-10°C) than the optimum tempera- 
ture for growth (Margesin et al., 2005, 2003). 


Gliding motility. Gliding is the translocation of nonflag- 
ellated bacteria in contact with a solid surface and has been 
defined by Henrichsen (1972) as “movement which is continu- 
ous and regularly follows the long axis of the cells which are 
predominantly aggregated in bundles during the movement.” 
It is his definition that is recommended here (Holmes et al., 
1984). Gliding usually results in spreading growth on solid 
media (Christensen, 1980). Two preconditions are essential: 
(1) The agar plates must be humid (preferably freshly poured), 
because the gliding motility is dependent on humidity (amount 
of surface moisture) and (2) The cells must be cultured on agar 
with low nutrient concentration because peptone concentra- 
tions higher than 0.25-0.5% are inhibitory to gliding. Spread- 
ing may be absent when cells are grown on nutrient agar. 

Gliding may be studied by microscopy of the colony edge 
on thinly poured agar plates after overnight incubation using 
a high power dry lens (Henrichsen, 1972; Holmes et al., 1984). 
Steyn et al. (1992) described somersaulting motility of three of 
four Pedobacter saltans strains; on a microscope slide the cells 
seem to somersault and then glide for one or two cell lengths. 
Christensen (1980) reclassified Flavobacterium heparinum as 
Cytophaga heparina because of its gliding motility. 


Differentiation of the genus Pedobacter from other genera 


The genera Sphingobacterium and Pedobacter constitute the family 
Sphingobacteriaceae and, although they share a number of com- 
mon biochemical and chemotaxonomical features, they can be 
differentiated. The main differential characteristic is the con- 
centration of fatty acids in the membrane lipids. Sphingobacte- 
rium species, except Sphingobacterium mizutae, possess greater 
amounts of C,,, iso 2-OH (16-26% in Sphingobacterium com- 
pared with 2-15% in Pedobacter). Pedobacter taxa, except Pedo- 
bacter saltans, possess significantly higher amounts of C,., 5c 
(1-5%). Significant amounts of C,., iso 2-OH and/or C,,, 07c 
are characteristic of all members of the family Sphingobacteri- 
aceae (Steyn et al., 1998). 

Other useful characteristics to differentiate the two genera 
pertain to the source of isolation and to selected enzyme activi- 
ties and carbohydrate metabolism. Pedobacter strains have been 
isolated from various terrestrial and aquatic environmental habitats 
but not from clinical sources, while most representatives of 
Sphingobacterium are of clinical origin (Steyn et al., 1998) except 
Sphingobacterium antarcticus, which was isolated from soil (Shivaji 
et al., 1992). Both genera include facultative psychrophilic iso- 
lates. Most Pedobacter strains are not able to assimilate D-melez- 
itose and to produce acid from melibiose. Activities of urease 
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and a-fucosidase are absent in Pedobacter strains but are pres- 
ent in Sphingobacterium, except Sphingobacterium mizutae. Steyn 
et al. (1998) used heparinase activity to differentiate Pedobacter 
(which exhibits activity in several species) from Sphingobacterium 
(activity absent). However, Chao et al. (2003, 2004) reported 
heparinase production by Sphingobacterium species. The sphin- 
gobacterial heparinase differs from the enzyme produced by 
Pedobacter heparinus in several characteristics such as molecular 
mass, composition, charge properties, active site, and substrate 
specificities. Trypsinase activity is absent in heparinase-producing 
strains of Pedobacter (except Pedobacter piscium). 


Taxonomic comments 


The genus Pedobacter, represented by the type strain Pedobacter 
heparinus, was carved out from the genus Sphingobacterium (Steyn 
et al., 1998) in the family Sphingobacteriaceae. Pedobacter heparinus 
was first described as Flavobacterium heparinum (Payza and Korn, 
1956) and was later reclassified as Cytophaga heparina (Chris- 
tensen, 1980), although its position in the genus Cytophaga was 
debatable (Reichenbach, 1989). Takeuchi and Yokota (1992) 
proposed the transfer of Cytophaga heparina to the genus Sphin- 
gobacterium (Yabuuchi et al., 1983) as Sphingobacterium heparinum 
based on the observed homogeneity in morphological, physi- 
ological, and chemotaxonomic characteristics with Sphingobac- 
terium. Subsequent studies on DNA-rRNA hybridization results 
using 16 heparinase-producing bacteria related to Sphingobacte- 
rium heparinum indicat that the genus is phylogenetically hetero- 
geneous since T... differences for the DNA-rRNA hybrids was 
8-12°C Te (Steyn et al., 1998). In well-characterized genera, 
differences in 7). values are normally in the range of 4-7°C 
(De Ley, 1992). Furthermore, based on the rRNA cistron simi- 
larity studies, it is clear that the 16 heparinase-producing bac- 
teria with T... ranging between 70 and 80°C are distinct from 
the Sphingobacterium branch, which contains strains of Sphin- 
gobacterium spiritivorum, Sphingobacterium multivorum, Sphingobac- 
terium mizutae, Sphingobacterium faecium, and Sphingobacterium 
thalpophilum with a mean T' of about 68°C. Prompted by these 
genotypic studies, the genus Pedobacter was created to include 
the heparinase-producing isolates (Steyn et al., 1998) along with 
the reclassified Sphingobacterium heparinum and Sphingobacterium 
piscium as Pedobacter heparinus and Pedobacter piscium. It is appar- 
ent that Pedobacter splits into two sub-branches at T values of 
70.9*C, with Pedobacter saltans forming one sub-branch and all 
the other species including Pedobacter heparinus forming the sec- 
ond sub-branch with T, values in the range of 74-80°C (Steyn 
et al., 1998). Phylogenetic studies also demonstrat that Pedobacter 
heparinus is distantly related to Flexibacter canadensis located at 
the borderline of the Sphingobacterium and Pedobacter branches 
(Dobson et al., 1993; Gherna and Woese, 1992; Manz et al., 
1996; Nakagawa and Yamasato, 1993, 1996; Steyn et al., 1998). 
The genus Pedobacter was described by Steyn et al. (1998) to 
include heparinase-producing, obligately aerobic, Gram-stain- 
negative rods. Even at that juncture, it was clear that the genus 
consisted of two distinct sub-branches, with Pedobacter hepari- 
nus representing one branch and Pedobacter saltans the other 
branch, based on DNA-rRNA hybrids (Steyn et al., 1998). Fur- 
thermore, DNA-DNA hybridization studies indicat that the 
Pedobacter heparinus sub-branch is further segregated into six 
genotypic subgroups represented by Pedobacter heparinus (Tal), 
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Pedobacter africanus (Ia3), three unnamed Pedobacterspecies (Ia2, 
Ibl and Ib2), Pedobacter strain LMG 1035, and Pedobacter piscium 
(II). Pedobacter saltans constitutes a homogeneous group (III) 
by itself (Steyn et al., 1998). Between the genotypic subgroups 
and between the two sub-branches, the similarity at the whole 
genome level is <20%. It is also surprising that even within the 
subgroup the similarity is not always high. For instance, though 
the two strains of Pedobacter heparinus (subgroup Ial) and the 
three strains of Pedobacter saltans (subgroup HI) exhibit >90% 
similarity, strains of Ia2, Ia3, Ib1, and Ib2 show <60% similarity 
(Steyn et al., 1998). These results imply genomic heterogeneity 
within the genotypic groups, and there is a need to investigate 
the genus more thoroughly The low DNA-DNA hybridiza- 
tion values indicate that the various species of the genus are 
not closely related. A similar low similarity has been reported 
earlier for species of Oytophaga (Behrens (1978), from Reichen- 
bach). Between 1998 and 2006, five more new species, namely 
Pedobacter cryoconitis, Pedobacter caeni, Pedobacter himalayensis, 
Pedobacter roseus, and Pedobacter suwonensis have been added to 
the already existing four species, namely Pedobacter heparinus, 
Pedobacter piscium, Pedobacter africanus, and Pedobacter saltans. 
These new species also show very little similarity at the DNA- 
DNA level, with the nearest phylogenetic neighbor ranging 
from 19.7% between Pedobacter cryoconitis and Pedobacter piscium 
(Margesin et al., 2003), 14% between Pedobacter caeni and Pedo- 
bacter africanus (Vanparys et al., 2005), and 42% between Pedo- 
bacter himalayensis and Pedobacter cryoconitis (Shivaji et al., 2005). 
DNA-DNA hybridization values are not available for Pedobacter 
roseus vs. Pedobacter heparinus, and for Pedobacter suwonensis vs. 
Pedobacter heparinus, since the phylogenetic neighbors vary by 
more than 4% at the 16S rRNA gene level (Hwang et al., 2006; 
Kwon et al., 2007). Thus the entire genus appears to be geno- 
typically heterogeneous, and this is further corroborated by a 
wide variation in the G+C content of DNA, which ranges from 
36 to 45 mol% (Hwang et al., 2006; Kwon et al., 2007; Mar- 
gesin et al., 2003; Shivaji et al., 2005; Steyn et al., 1998; Vanparys 
et al., 2005). Pedobacter saltans appears to be different from all 
the remaining eight species and this is clearly evident based 
on phylogenetic analysis of the 16S rRNA gene sequence. All 
the species of Pedobacter except Pedobacter saltans form a robust 
monophyletic cluster with high bootstrap values (Figure 59). 
Pedobacter saltans differs phylogenetically from all the remaining 
Pedobacter species and exhibits a difference of 9-11% at the 16S 
rRNA gene level with those species. The remaining species are 
phylogenetically closely related with one another and the simi- 
larity at the rRNA gene level ranges from 2 to 5% (Hwang et al., 
2006; Kwon et al., 2007; Margesin et al., 2003; Shivaji et al., 
2005; Steyn et al., 1998; Vanparys et al., 2005). 

According to the criteria set by Stackebrandt and Goebel 
(1994) for discriminating species, it would appear that all the 
existing nine Pedobacter species at the 16S rRNA gene level dif- 
fer by »2.596 and/or exhibit «7096 similarity at the DNA-DNA 
level, and are thus different species, but a few of them, such 
as Pedobacter suwonensis (Kwon et al., 2007) and especially Pedo- 
bacler Saltans, differ from the nearest phylogenetic neighbor 
by >5% at the 16S rRNA gene level and have low DNA-DNA 
hybridization values; thus their species status could be reconsid- 
ered by investigating more strains and arriving at distinguishing 
phenotypic characteristics. 
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FIGURE 59. Neighborjoining tree based on 16S rRNA gene sequences (1455 bases) showing the phylogenetic 
relationship between species of the genus Pedobacter and Sphingobacterium spiritivorum. Bootstrap values (expressed 
as percentage of 1000 replications) greater than 5046 are given at the nodes. 


Editorial note: An additional 22 species have been published 
since this chapter was written: Pedobacter agri (Roh et al., 2008), 
Pedobacter alluvionis (Gordon et al., 2009), Pedobacter aquatilis 
(Gallego et al., 2006), Pedobacter borealis (Gordon et al., 2009), 
Pedobacter composti (Lee et al., 2009), Pedobacter daechungensis (An 
et al., 2009), Pedobacter duraquae (Muurholm et al., 2007), Pedo- 
bacter ginsengisoli (Ten et al., 2006a), Pedobacter glucosidilyticus (Luo 
et al., 2010), Pedobacter hartonius (Muurholm et al., 2007), Pedo- 
bacter insulae (Yoon et al., 20072), Pedobacter koreensis (Baik et al., 
2007), Pedobacterlentus (Yoon etal., 2007c) , Pedobacter metabolipauper 


(Muurholm et al., 2007), Pedobacter nyackensis (Gordon et al., 
2009), Pedobacter oryzae (Jeon et al., 2009), Pedobacter panaciterrae 
(Yoon et al., 2007d), Pedobacter sandarakinus (Yoon et al., 2006), 
Pedobacter steynii (Muurholm et al., 2007), Pedobacter terrae (Yoon 
et al., 2007b), Pedobacter terricola (Yoon et al., 2007c), and Pedo- 
bacter westerhofensis (Muurholm et al., 2007). 


Differentiation of the species of the genus Pedobacter 


Differential characteristics of the species of Pedobacter are pre- 
sented in Table 80. 


List of species of the genus Pedobacter 


1. Pedobacter heparinus (Payza and Korn 1956) Steyn, Segers, 
Vancanneyt, Sandra, Kersters and Joubert 1998, 175? (Fla- 
vobacterium heparinum Payza and Korn 1956, 854; Cytophaga 
heparina Christensen 1980, 474; Sphingobacterium heparinum 
Takeuchi and Yokota 1992) 


he.pa.ri'nus. Gr. neutr. n. hepar liver; N.L. masc. adj. hepari- 
nus referring to the liver and to the degradation of heparin, 
a sulfated mucopolysaccharide occurring in liver. 


Characteristics are as described for the genus and as listed 
in Table 80. Cell length varies from short rods to long rods 
(0.5-6 um). Motile by gliding. Colony color varies from 
creamy white on R2A to translucent yellow to dark orange- 
yellow on TSA and NA. Colonies reach a diameter of 1-3 
mm after 48-72 h of cultivation, and are round, convex, with 
entire margins. Grows at pH 6-8 and at 5 to 30*C. Some 
strains grow at 37°C (Takeuchi and Yokota, 1992), others do 
not grow at this temperature (Payza and Korn, 1956). No 
growth at 42°C. No growth on MacConkey's agar. Positive 
for heparinase, chondroitinase, assimilation of D-mannitol, 
D-sorbitol, and r-fucose; acid is not produced from man- 
nose. 

DNA G+C content (mol % ): 42-43 (T). 

Type strain: ATCC 13125, CCUG 12810, CIP 104194, CIP 
105498, DSM 2366, NBRC 12017, JCM 7457, LMG 4024, 
LMG 10339, NCIMB 9290, NRRL B-14731. 

Sequence accession no. (16S rRNA gene): AJ43817, M11657. 


2. Pedobacter africanus Steyn, Segers, Vancanneyt, Sandra, 
Kersters and Joubert 1998, 175" 


a.fri.ca'nus. L. masc. adj. africanus of or belonging to Africa, 
the source of isolation. 


Characteristics are as described for the genus and as listed in 
Table 80. Differs from its closest phylogenetic neighbor, Pedo- 
bacter caeni, by its ability to assimilate L-rhamnose and D-turanose 
and its inability to assimilate L-xylose and to produce acid from 
DJactose, D-melibiose and sucrose. Activities of o-glucosidase, 
Nacety.-p-glucosaminidase, naphthol phosphohydrolase, and 
heparinase are present. Produces slimy colonies on agar plates; 
the colonies are translucent yellow. Grows at pH 6-8. 

DNA G+C content (mol% ): 48-45 (T). 

Type strain: CCUG 39353, CIP 105499, DSM 12126, LMG 
10353, NBRC 100065, NCIMB 13641. 

Sequence accession no. (168 rRNA gene): AJ438171. 


3. Pedobacter caeni Vanparys, Heylen, Lebbe and De Vos 2005, 
1316” 


ca.e'ni. L. neut. n. caenum sludge; L. gen. neut. n. caeni of / 
from sludge. 


Characteristics are as described for the genus and as listed 
in Table 80. Cell length varies from short to long (3-10 um). 
Filament formation occurs. Differs from the other species of 
the genus by its ability to assimilate L-xylose, its inability to 
assimilate D-fructose, D-galactose, D-turanose, and b-xylose, its 


TABLE 80. Characteristics of diagnostic value in identifying Pedobacter species*” 


E 
E ES š S š " E S 
M S Š S X a = > > 
Characteristic Àx Àx x x x Àx x x x 
Motile by gliding + - - + _ = = + E 
Slime formation on agar plates - - + + + _ _ = + 
Growth temperature range (°C) 5-30 5-30 1-30 1-25 1-25 1-30 5-33 15-37 2-37 
Growth at 37°C v - - = i = = $ + 
Optimum temperature for growth (°C) 25 25 28 20 22 20 25-30 nd 34 
Growth in presence of 5% (w/v) NaCl nd _ + _ nd 
Growth on MacConkey's agar _ _ _ _ + E de - ú 
Major fatty acids (96): 
C; iso 3-OH 14.0-15.2 14.7-16.1 12.1 4.2-5.8 6.0 9.2 20.9 12.7 15.8 
C z:o iso 27.9-28.2 26.6-33.3 21.3 15.0-20.6 33.0 26.2 17.3 31.4 35.4 
Cso iso 3-OH - - E - - - 7.9 E nd 
Enzyme activities: 
N-Acetyl-B-glucosaminidase + + M + + v + + + 
Arginine dihydrolase - - - - + = = = - 
a-Chymotrypsin v - ES = y + + = _ 
DNase v _ nd nd nd - - E nd 
Esterase lipase (C8) + M (+) = + + + v + 
o-Fucosidase _ = - _ = = rg = d 
a-Galactosidase M u - M - M + v + 
Gelatinase v M - + + _ + _ + 
a-Glucosidase + + - (+) (+) + + + d 
B-Glucosidase v v = v + + v + + 
Heparinase + + + - t - - + + 
Lysine decarboxylase + + nd _ + nd + nd 
a-Mannosidase v v _ _ _ + - - + 
Naphthol phosphohydrolase + + v + + + + + 
Trypsin = - v M - v + _ + 
Valine arylamidase v _ =. (+) ra Ts y v + 
Utilization of carbon sources: 
p-Adonitol + _ - - 4 = nd $ = 
p-Arabinose - v _ _ + _ nd v = 
D-Cellobiose + + + + + + + + 
D-Fructose + M = v + + + v + 
L-Fucose + v - = + = nd = = 
p-Galactose + v = + + v 4 + 3: 
Gluconate - - - = 4 < c ú a 
Glycerol - v - = + = + + = 
Glycogen _ _ - + - = 4 = fe 
Inulin + v = (+) ES = + _ _ 
2-Ketogluconate - - - + nd _ nd = = 
p-Mannitol + _ _ - + = = ú = 
D-Melezitose v v _ v = v nd v $ 
Methyl-o-p-mannoside + + + u + x nd - + 
L-Rhamnose + + _ E B v a Es + 
p-Sorbitol + v = - v = = = = 
p-Turanose + + - + nd + nd v + 
D-Xylose + v _ + + + nd + dE 
L-Xylose - E + = + = + B = 
Acid production from: 
D-Arabinose v M + M = M * v + 
D-Glucose v v + v _ + + v + 
Inositol v + M " = 
p-Lactose - - + = - + = _ + 
p-Mannitol _ M 2 v + v E E z 
D-Mannose _ v v ú v $ + + ES 
D-Melibiose - - 4 = = v + = + 
Sucrose - - 4 = = + + = E 
Susceptibility to antibiotics: 
Penicillin (100 ug/ml) S S R R R S S S R 
Ampicillin (50 ug/ml) R R R R R R R S R 
Ampicillin (100 ug/ml) R S R R R R R (weak) S R 
Streptomycin (100 ug/ml) R (weak) R R R (weak) S R S S S 


“Symbols: +, 90% or more of the strains positive; —, less than 10% of the strains positive; v, strain instability; nd, data not available; S, sensitive; R, resistant. 
"Data from Takeuchi and Yokota (1992), Steyn et al. (1998), Margesin et al. (2003), Shivaji et al. (2005), Vanparys et al. (2005), Kwon et al. (2007) and Hwang et al. (2006). 
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ability to produce acid from inositol, and the absence of the 
enzymes a-glucosidase, N-acetyl-B-glucosaminidase, and naph- 
thol-phosphohydrolase. Produces slimy colonies on TSA, R2A 
and NA; colonies are initially creamy white and yellow when 
aging. The colony diameter ranges from 0.5 to 8 mm. Grows 
at 1-30*C and at pH 6-9. Streptomycin-sensitive. 

DNA G+C content (mol): 42.7 (T). 

Type strain: DSM 16990, LMG 22862. 

Sequence accession no. (16S rRNA gene): AJ786798. 


. Pedobacter cryoconitis Margesin, Sproer, Schumann and 
Schinner 2003, 1295Y? 


cry.o.co.ni'tis. N.L. gen. n. cryoconitis from cryoconite, refer- 
ring to glacier cryoconite, where the strain was first found. 


Characteristics are as described for the genus and as listed 
in Table 80. Differs from the other species of the genus by 
presence of DNase activity and assimilation of 2-ketoglucon- 
ate. Differentiated from its closest phylogenetic neighbor, 
Pedobacter himalayensis, by its gliding motility, its ability to 
assimilate glycogen and to produce acid from mannitol, and 
its inability to assimilate p-adonitol, p-arabinose, L-fucose, 
glycerol, and p-mannitol. Heparinase and lysine decarboxy- 
lase are absent. Degrades diesel oil cometabolically. Temper- 
ature range for growth, 1-25°C. Produces light yellow, slimy 
colonies on NA and R,A agar plates. 

DNA G+C content (mol % ): 43.4 (T. ). 

Type strain: A97, DSM 14825, LMG 21415. 

Sequence accession no. (16S rRNA gene): AJ438170. 


. Pedobacter himalayensis Shivaji, Chaturvedi, Reddy and 
Suresh 2005, 1084V" 


him.a.lay.en'sis. N.L. masc. adj. himalayensis of or belonging 
to the Himalaya. 


Characteristics are as described for the genus and as listed 
in Table 80. Differentiated from the other species of the 
genus by the presence of arginine dihydrolase activity, the 
ability to assimilate gluconate, and the production of acid 
from D-mannitol but not from D-arabinose and D-glucose. 
Differs from its closest phylogenetic neighbor, Pedobacter cryo- 
conitis, by its ability to grow on MacConkey's agar, to grow in 
presence of 5% (w/v) NaCl, to produce heparinase, and to 
assimilate p-adonitol, p-arabinose, L-fucose, glycerol, D-man- 
nitol, methyl-o-b-mannoside, and L-xylose. Pale-white slimy 
colonies are formed on R2A and NA, with absence of a yel- 
low or pink pigment. Grows from 4 to 25°C and at pH 6-10. 

DNA GC content (mol % ): 41.0 (T). 

Type strain: HHS 22, JCM 12171, MTCC 6384. 

Sequence accession no. (16S rRNA gene): AJ583425. 


. Pedobacter piscium (Takeuchi and Yokota 1992) Steyn, 
Segers, Vancanneyt, Sandra, Kersters and Joubert 1998, 175" 
(Sphingobacterium piscium Takeuchi and Yokota 1992, 481) 


pis'ci.um. L. masc. n. piscis fish; L. gen. pl. n. piscium of /from 
fishes. 


Characteristics are as described for the genus and as listed in 
Table 80. Differs from the other species of the genus by its abil- 
ity to assimilate o-mannosidase. Positive for valine arylamidase; 
negative for heparinase activity and assimilation of methyl-a-p- 
mannoside. Differs from its closest phylogenetic neighbors Pedo- 
bacter cryoconitis and. Pedobacter himalayensis by its ability to grow at 
30*C. Colonies are creamy white (PY) to yellow (NA, TSA). 


DNA G«C content (mol % ): 40-43 (T). 

Type strain: CIP 104195, ATCC 13125, JCM 7454, LMG 
14024, NBRC 14985. 

Sequence accession no. (16S rRNA gene): AJ438174. 


7. Pedobacter roseus Hwang, Choi and Cho 2006, 1834V* 


ro.se'us. L. masc. adj. roseus rose-colored, pink, referring to 
the color of the colonies on agar plates. 


Characteristics are as described for the genus and as listed 
in Table 80. Differs from the other species of the genus by 
the presence of significant amounts of the fatty acid C,,, iso 
3-OH (7.2%) and the formation of pink colonies on R,A agar, 
NA and R2A. Rods are short (length, 0.8-1.1 jum). Grows on 
MacConkey’s agar. Glycerol, inulin, and L-xylose are assimi- 
lated. o-Fucosidase activity occurs but not f-glucosidase or 
heparinase activity. Grows at 5-33^C and pH 5-8. 

DNA G«C content (mol %): 41.3 (T, ). 

Type strain: CL-GP80, JCM 13399, KCCM 42272. 

Sequence accession no. (16S rRNA gene): DQ112353. 


8. Pedobacter saltans Steyn, Segers, Vancanneyt, Sandra, Kerst- 
ers and Joubert 1998, 175" 


sal'tans. L. v. saltare to dance; L. part. adj. saltans dancing, 
referring to the gliding motility of the strain. 


Characteristics are as described for the genus and as listed in 
Table 80. Differs from the other species of the genus by its abil- 
ity to assimilate L-cellobiose. Strains of the species assimilate 
p-adonitol and glycerol but are unable to assimilate methyl- 
o-D-mannoside. Heparinase activity is present. Esterase-lipase 
(C8) activity is absent. Sensitive to chloroamphenicol (30 ug/ 
ml) and tetracycline (30 ug/ml). Motile by gliding. Grows at 
15-37*C and at pH 6-8. Colonies are small and creamy white 
on R2A, NA and TSA. 

DNA G+C content (mol% ): 36-38 (T). 

Type strain: CCUG 39354, ATCC 51119, CIP 105500, DSM 
12145, JCM 21818, LMG 9526, LMG 10337, NBRC 100064, 
NCIMB 13643. 

Sequence accession no. (16S rRNA gene): AJ438173. 


9. Pedobacter suwonensis Kwon, Kim, Lee, Jang, Seok, Kwon, 
Kim and Weon 2007, 481V* 


su.won.en'sis. N.L. masc. adj. suwonensis of or belonging to 
Suwon City (Korea), where the strain was first found. 


Characteristics are as described for the genus and as listed 
in Table 80. The cell length is 1.4—3.2 um. Differs from the 
other species of the genus by its ability to assimilate p-melez- 
itose, its wide growth temperature range (2-37°C), and its 
relatively high optimum temperature for growth (34^C). 
Activities of heparinase, o-fucosidase, and valine arylamidase 
are present. Pinkish-yellow colonies are formed on R2A, NA 
and TSA. Produces slime on R2A agar. 

DNA G+C content (mol% ): 44.2 (T). 

Type strain: 15-52, DSM 18130, KACC 11317. 

Sequence accession no. (16S rRNA gene): DQ097274. 


Acknowledgements 


R. Margesin thanks Dr F. Schinner for providing the photomi- 
crograph (Figure 58) and Dr H.Y. Weon for providing supple- 
mentary data about Pedobacter suwonensis. S. Shivaji thanks Ms 
Preeti Chaturvedi for sequence analysis and construction of the 
phylogenetic tree. 


348 


References 


Aguilar, J.A.K., C.R. Lima, A.G.A. Berto and Y.M. Michelacci. 2003. An 
improved methodology to produce Flavobacterium heparinum chon- 
droitinases, important instruments for diagnosis of diseases. Biotech- 
nol. Appl. Biochem. 37: 115-127. 

An, D.S., S.G. Kim, L.N. Ten and C.H. Cho. 2009. Pedobacter daechungen- 
sis sp. nov., from freshwater lake sediment in South Korea. Int. J. Syst. 
Evol. Microbiol. 59 69-72. 

Areekul, S., U. Vongsthongsri, T. Mookto, S. Chettanadee and P. Wilaira- 
tana. 1996. Sphingobacterium multivorum septicemia: a case report. J. 
Med. Assoc. Thai 79: 395-398. 

Baik, K.S., Y.D. Park, M.S. Kim, S.C. Park, E.Y. Moon, M.S. Rhee, J.H. 
Choi and C.N. Seong. 2007. Pedobacter koreensis sp. nov., isolated from 
fresh water. Int. J. Syst. Evol. Microbiol. 57: 2079-2083. 

Baug, R.F. and J.J. Zimmermann. 1993. Heparinase in the activated 
clotting time assay: monitoring heparin-independent alternations in 
coagulation function. Perfusion Rev. 1: 14-28. 

Behrens, H. 1978. Charakterisierung der DNA gleitender Bakterien 
der Ordnung Cytophagales, Doctoral thesis. Technical University of 
Braunschweig, Germany. 

Bernardet, J.-F., P. Segers, M. Vancanneyt, F. Berthe, K. Kersters and 
P. Vandamme. 1996. Cutting a gordian knot: emended classification 
and description of the genus Flavobacterium, emended description 
of the family lavobacteriaceae, and proposal of Flavobacterium hydatis 
nom. nov. (basonym, Cytophaga aquatilis Strohl and Tait 1978). Int. J. 
Syst. Bacteriol. 46: 128-148. 

Blain, F., A.L. Tkalec, Z. Shao, C. Poulin, M. Pedneault, K. Gu, B. Eggi- 
mann, J. Zimmermann and H. Su. 2002. Expression system for high 
levels of GAG lyase gene expression and study of the hepA upstream 
region in Flavobacterium heparinum. J. Bacteriol. 184: 3242-3252. 

Chao, Y.P., N.G. Gao, X.L. Cheng, J. Yang, S.J. Qian and S.Z. Zhang. 
2003. Rapid purification, characterization and substrate specificity 
of heparinase from a novel species of Sphingobacterium. J. Biochem. 
134: 365-371. 

Chao, Y.P., S.X. Xiong, X. Cheng and S. Qian. 2004. Mass spectrometric 
evidence of heparin disaccharides for the catalytic characterization 
of a novel endolytic heparinase. Acta Biochim. Biophys. Sin. (Shang- 
hai) 36: 840-844. 

Chintalapati, S., M.D. Kiran and S. Shivaji. 2005. Role of membrane 
lipid fatty acids in cold adaptation. Cell. Mol. Biol. 50: 631-642. 

Christensen, P. 1980. Description and taxonomic status of Cytophaga 
heparina (Payza and Korn) comb. nov. (basionym, Flavobacterium hepa- 
rinum Payza and Korn 1956). Int. J. Syst. Bacteriol. 30: 473-475. 

Christensen, P.J. and F.D. Cook. 1972. The isolation and enumeration 
of cytophagas. Can J. Microbiol. 18: 1933-1940. 

De Ley, J. 1992. The Proteobacteria: ribosomal RNA cistron similarities 
and bacterial taxonomy. /n The Prokaryotes: A Handbook on the 
Biology of Bacteria: Ecophysiology, Isolation, Identification, Applica- 
tions, 2nd edn, vol. 2 (edited by Balows, Trueper, Dworkin, Harder 
and Schleifer). Springer, New York, pp. 2111-2140. 

Dees, S.B., G.M. Carlone, D. Hollis and C.W. Moss. 1985. Chemical and 
phenotypic characteristics of Flavobacterium thalpophilum compared 
with those of other Flavobacterium and Sphingobacterium species. Int. 
J. Syst. Bacteriol. 35: 16-22. 

Dobson, S.J., R.R. Colwell, T.A. McMeekin and P.D. Franzmann. 1993. 
Direct sequencing of the polymerase chain reaction-amplified 16S 
ribosomal RNA gene of Flavobacterium gondwanense sp. nov. and Fla- 
vobacterium salegens sp. nov., two new species from a hypersaline ant- 
arctic lake. Int. J. Syst. Bacteriol. 43: 77-83. 

Euzéby, J.P. 1998. Taxonomic note: necessary correction of specific and 
subspecific epithets according to Rules 12c and 13b of the Interna- 
tional Code of Nomenclature of Bacteria (1990 revision). Int. J. Syst. 
Bacteriol. 48: 1073-1075. 

Fethiere, J., B.H. Shilton, Y. Li, M. Allaire, M. Laliberte, B. Eggimann 
and M. Cygler. 1998. Crystallization and preliminary analysis of chon- 
droitinase AC from Flavobacterium heparinum. Acta Crystallogr. D Biol. 
Crystallogr. 54: 279-280. 


FAMILY |. SPHINGOBACTERIACEAE 


Fethiere, J., B. Eggimann and M. Cygler. 1999. Crystal structure of 
chondroitinase AC: a glycosaminoglycan lyase with a new fold. J. Mol. 
Biol. 288: 635-647. 

Freney, J., W. Hansen, C. Ploton, H. Meugnier, S. Madier, N. Bornstein 
and J. Fleurette. 1987. Septicemia caused by Sphingobacterium multivo- 
rum. J. Clin. Microbiol. 25: 1126-1128. 

Gallego, V., M.T. Garcia and A. Ventosa. 2006. Pedobacter aquatilis sp. 
nov., isolated from drinking water, and emended description of the 
genus Pedobacter. Int. J. Syst. Evol. Microbiol. 56: 1853-1858. 

Gesner, B.M. and C.R. Jenkin. 1961. Production of heparinase by Bacte- 
roides. J. Bacteriol. 81: 595-604. 

Gherna, R. and C.R. Woese. 1992. A partial phylogenetic analysis of the 
“Flavobacter-Bacteroides’ phylum: basis for taxonomic restructuring. 
Syst. Appl. Microbiol. 15: 513-521. 

Gordon, N.S., A. Valenzuela, S.M. Adams, P.W. Ramsey, J.L. Pollock, 
W.E. Holben and J.E. Gannon. 2009. Pedobacter nyackensis sp. nov., 
Pedobacter alluvionis sp. noy. and Pedobacter borealis sp. nov., isolated 
from Montana flood-plain sediment and forest soil. Int. J. Syst. Evol. 
Microbiol. 59% 1720-1726. 

Gounot, A.M. 1999. Microbial life in permanently cold soils. In Cold- 
Adapted Organisms (edited by Margesin and Schinner). Springer, 
New York, pp. 3-15. 

Gu, K., R.J. Linhardt, M. Laliberte, K. Gu and J. Zimmermann. 1995. Puri- 
fication, characterization and specificity of chondroitin lyases and gly- 
curonidase from Flavobacterium heparinum. Biochem. J. 312: 569-577. 

Hamana, K. and Y. Nakagawa. 2001a. Polyamine distribution profiles in 
the eighteen genera phylogenetically located within the Mavobacte- 
rium-Flexibacter-Cytophaga complex. Microbios 106: 7-17. 

Hamana, K. and Y. Nakagawa. 2001b. Polyamine distribution profiles in 
newly validated genera and species within the Flavobacterium—Flexibacter- 
Cytophaga—-Sphingobacterium complex. Microbios 106 Suppl. 2: 105-116. 

Henrichsen, J. 1972. Bacterial surface translocation: a survey and a clas- 
sification. Bacteriol. Rev. 36: 478-503. 

Hirsch, P. 1980. Distribution and pure culture studies of morphologi- 
cally distinct Solar Lake microorganisms. /n Hypersaline Brines and 
Evaporitic Environments (edited by Nissenbaum). Elsevier Science 
Publishers, Amsterdam, pp. 41-60. 

Holmes, B., R.J. Owen and R.E. Weaver. 1981. Flavobacterium multivorum, 
a new species isolated from human clinical specimens and previously 
known as group IIk, biotype 2. Int. J. Syst. Bacteriol. 31: 21-34. 

Holmes, B., R.J. Owen and D.G. Hollis. 1982. Flavobacterium spiritivorum, 
a new species Isolated from human clinical specimens. Int. J. Syst. 
Bacteriol. 32: 157-165. 

Holmes, B., D.G. Hollis, A.G. Steigerwalt, M.J. Pickett and D.J. Brenner. 
1983. Flavobacterium thalpophilum, a new species recovered from 
human clinical material. Int. J. Syst. Bacteriol. 33: 677-682. 

Holmes, B., R.J. Owen and T.A. McMeekin (editors). 1984. Genus Fla- 
vobacterium, Bergey’s Manual of Systematic Bacteriology, vol. 1. Wil- 
liams & Wilkins, Baltimore. 

Holmes, B., R.E. Weaver, A.G. Steigerwalt and D.J. Brenner. 1988. A 
taxonomic study of Flavobacterium spiritivorum and Sphingobacterium 
mizutae: proposal of Flavobacterium yabuuchiae sp. nov. and Flavobacte- 
rium mizutaii comb. nov. Int. J. Syst. Bacteriol. 38: 348-353. 

Huang, L., H. Van Halbeek, B. Eggimann and J.J. Zimmermann. 1995. 
Structural characterization of the noval O-linked carbohydrate chain 
of heparinase I from Flavobacterium heparinum. Glycobiology 5: 712. 

Huang, W., A. Matte, Y. Li, YS. Kim, R.J. Linhardt, H. Su and M. Cygler. 
1999. Crystal structure of chondroitinase B from Flavobacterium hepa- 
rinum and its complex with a disaccharide product at 1.7 A resolu- 
tion. J. Mol. Biol. 294: 1257-1269. 

Humphrey, B.A. and K.C. Marshall. 1980. Fragmentation of some glid- 
ing bacteria during the growth cycle. J. Appl. Bacteriol. 49: 281—289. 

Hwang, C.Y., D.H. Choi and B.C. Cho. 2006. Pedobacter roseus sp. nov., 
isolated from a hypertrophic pond, and emended description of the 
genus Pedobacter. Int. J. Syst. Evol. Microbiol. 56: 1831-1836. 

Jackson, R.L., S.J. Busch and A.D. Cardin. 1991. Glycosaminoglycans: 
molecular properties, protein interactions, and role in physiological 
processes. Physiol. Rev. 71: 481-539. 


GENUS II. PEDOBACTER 


Jacobi, C.A., H. Reichenbach, B.J. Tindall and E. Stackebrandt. 1996. 
“Candidatus comitans", bacterium living in coculture with Chondro- 
myces crocatus (myxobacteria). Int. J. Syst. Bacteriol. 46: 119-122. 

Jacobi, C.A., B. Assmus, H. Reichenbach and E. Stackebrandt. 1997. 
Molecular evidence for association between the sphingobacterium- 
like organism “Candidatus comitans" and the myxobacterium Chon- 
dromyces crocatus. Appl. Environ. Microbiol. 65: 719—723. 

Jagannadham, M.V., M.K. Chattopadhyay, C. Subbalakshmi, M. Vaira- 
mani, K. Narayanan, C.M. Rao and S. Shivaji. 2000. Carotenoids of 
an Antarctic psychrotolerant bacterium, Sphingobacterium antarcti- 
cus, and a mesophilic bacterium, Sphingobacterium multivorum. Arch. 
Microbiol. 173: 418-424. 

Jeon, Y., J.M. Kim, J.H. Park, S.H. Lee, C.N. Seong, S.S. Lee and C.O. 
Jeon. 2009. Pedobacter oryzae sp. nov., isolated from rice paddy soil. Int. 
J. Syst. Evol. Microbiol. 59 2491-2495. 

Jooste, PJ. 1985. The taxonomy and significance of Flavobacterium— 
Cytophaga strains from dairy sources, PhD thesis. University of 
Orange Free State, Bloemfontein, Republic of South Africa. 

Joubert, J.J., E.J. van Rensburg and M.J. Pitout. 1984. A plate method for 
demonstrating the breakdown of heparin and chondroitin sulphate 
by bacteria. J. Microbiol. Methods 2: 197-202. 

Khomenkov, V.G., A.B. Shevelev, V.G. Zhukov, A.E. Kurlovich, N.A. 
Zagustina and V.O. Popov. 2005. [Application of molecular system- 
atics to study of bacterial cultures consuming volatile organic com- 
pounds]. Prikl. Biokhim. Mikrobiol. 47: 176-184. 

Kim, K.H., L.N. Ten, Q.M. Liu, W.T. Im and S.T. Lee. 2006. Sphingobacte- 
rium daejeonense sp. nov., isolated from a compost sample. Int. J. Syst. 
Evol. Microbiol. 56: 2031-2036. 

Kito, M., Y. Onji, T. Yoshida and T. Nagasawa. 2002. Occurrence of epsi- 
lon-poly-rlysine-degrading enzyme in epsilon-poly-1-lysine-tolerant 
Sphingobacterium multivorum OJ10: purification and characterization. 
FEMS Microbiol. Lett. 207: 147-151. 

Kjellen, L. and U. Lindahl. 1991. Proteoglycans: structures and interac- 
tions. Annu. Rev. Biochem. 60: 443-475. 

Kuo, T.M., A.C. Lanser, L.K. Nakamura and C.T. Hou. 2000. Production 
of 10-ketostearic acid and 10-hydroxystearic acid by strains of Sphin- 
gobacterium thalpophilum isolated from composted manure. Curr. 
Microbiol. 40: 105-109. 

Kwon, S.W., B.Y. Kim, K.H. Lee, KY. Jang, S.J. Seok, J.S. Kwon, W.G. Kim 
and H.Y. Weon. 2007. Pedobacter suwonensis sp. nov., isolated from the 
rhizosphere of Chinese cabbage (Brassica campestris). Int. J. Syst. Evol. 
Microbiol. 57: 480—484. 

Lagace, L., M. Pitre, M. Jacques and D. Roy. 2004. Identification of the 
bacterial community of maple sap by using amplified ribosomal DNA 
(rDNA) restriction analysis and rDNA sequencing. Appl. Environ. 
Microbiol. 70: 2052-2060. 

Lee, H.G., S.G. Kim, W.T. Im, H.M. Oh and S.T. Lee. 2009. Pedobacter 
composti sp. nov., isolated from compost. Int. J. Syst. Evol. Microbiol. 
59. 845-349. 

Leung, K. and E. Topp. 2001. Bacterial community dynamics in liquid 
swine manure during storage: molecular analysis using DGGE/PCR 
of 16S rDNA. FEMS Microbiol. Ecol. 38: 169-177. 

Li, Y., A. Matte, H. Su and M. Cygler. 1998. Crystallization and prelimi- 
nary X-ray analysis of chondroitinase B from Flavobacterium hepari- 
num. Acta Crystallogr. Sect. D 55: 1055-1057. 

Liu, D., Z. Shriver, R. Godavarti, G. Venkataraman and R. Sasisekharan. 
1999. The calcium-binding sites of heparinase I from Flavobacterium 
heparinum are essential for enzymatic activity. J. Biol. Chem. 274: 
4089-4095. 

Liu, H., C.-F. Shen, K. Wang and Y-X. Chen. 2004. Cometabolic degra- 
dation of pentachlorophenol by Sphingobacterium multivorum. China 
Environ. Sci. 24: 294—298. 

Liu, R., H. Liu, C.X. Zhang, S.Y. Yang, X.H. Liu, KY. Zhang and R. Lai. 
2008. Sphingobacterium siyangense sp. nov., isolated from farm soil. Int. 
J. Syst. Evol. Microbiol. 58: 1458-1462. 

Lohse, D.L. and R.J. Linhardt. 1992. Purification and characterization 
of heparin lyases from Flavobacterium heparinum. J. Biol. Chem. 267: 
24347-24355. 


349 


Luo, X., Z. Wang, J. Dai, L. Zhang, J. Li, Y. Tang, Y. Wang and C. Fang. 
2010. Pedobacter glucosidilyticus sp. nov., isolated from dry riverbed 
soil. Int. J. Syst. Evol. Microbiol. 60: 229-233. 

Manz, W., R. Amann, W. Ludwig, M. Vancanneyt and K.H. Schleifer. 1996. 
Application of a suite of 16S rRNA-specific oligonucleotide probes 
designed to investigate bacteria of the phylum cytophaga-flavobacter- 
bacteroides in the natural environment. Microbiology 142: 1097-1106. 

Margesin, R., C. Sproer, P. Schumann and F. Schinner. 2003. Pedobacter 

cryoconilis sp. nov., a facultative psychrophile from alpine glacier cryo- 

conite. Int. J. Syst. Evol. Microbiol. 55: 1291-1296. 

Margesin, R., H. Dieplinger, J. Hofmann, B. Sarg and H. Lindner. 2005. 

A cold-active extracellular metalloprotease from Pedobacter cryoconitis 

- production and properties. Res. Microbiol. 156: 499-505. 

Marinella, M.A. 2002. Cellulitis and sepsis due to sphingobacterium. 

JAMA 288: 1985. 

Matsuyama, H., H. Katoh, T. Ohkushi, A. Satoh, K. Kawahara and 

I. Yumoto. 2008. Sphingobacterium kitahiroshimense sp. nov., isolated 

from soil. Int. J. Syst. Evol. Microbiol. 58: 1576-1579. 

Mehnaz, S., B. Weselowski and G. Lazarovits. 2007. Sphingobacterium 

canadense sp. nov., an isolate from corn roots. Syst. Appl. Microbiol. 

30: 519-524. 

Mehnaz, S., B. Weselowski and G. Lazarovits. 2008. Jn Validation of the 
publication of new names and new combinations previously effec- 
tively published outside the IJSEM. List no. 119. Int. J. Syst. Evol. 
Microbiol. 58: 1. 

Michel, G., K. Pojasek, Y. Li, T. Sulea, R.J. Linhardt, R. Raman, V. Prab- 
hakar, R. Sasisekharan and M. Cygler. 2004. The structure of chon- 
droitin B lyase complexed with glycosaminoglycan oligosaccharides 
unravels a calcium-dependent catalytic machinery. J. Biol. Chem. 
279. 32882-32896. 

Muurholm, S., S. Cousin, O. Pauker, E. Brambilla and E. Stackebrandt. 
2007. Pedobacter duraquae sp. nov., Pedobacter westerhofensis sp. nov., 


Pedobacter metabolipauper sp. nov., Pedobacter hartonius sp. nov. and 
Pedobacter steynii sp. nov., isolated from a hard-water rivulet. Int. J. 
Syst. Evol. Microbiol. 57: 2221-2227. 

Naka, T., N. Fujiwara, I. Yano, S. Maeda, M. Doe, M. Minamino, N. Ikeda, 
Y. Kato, K. Watabe, Y. Kumazawa, I. Tomiyasu and K. Kobayashi. 2003. 
Structural analysis of sphingophospholipids derived from Sphingobac- 
terium spiritivorum, the type species of genus Sphingobacterium. Bio- 
chim. Biophys. Acta 1635: 83-92. 

Nakagawa, Y. and K. Yamasato. 1993. Phylogenetic diversity of the genus 
Cytophaga revealed by 16S ribosomal RNA sequencing and menaqui- 
none analysis. J. Gen. Microbiol. 139 1155-1161. 

Nakagawa, Y. and K. Yamasato. 1996. Emendation of the genus Cytophaga 
and transfer of Cytophaga agarovorans and Cytophaga salmonicolor to 
Marinilabilia gen. nov: phylogenetic analysis of the Flavobacterium 
cytophaga complex. Int. J. Syst. Bacteriol. 46: 599-603. 

Nishino, S., H. Kuroyanagi, T. Terada, S. Inoue, Y. Inoue, F.A. Troy and 
K. Kitajima. 1996. Induction, localization, and purification of a novel 
sialidase, deaminoneuraminidase (KDNase), from Sphingobacterium 
multivorum. J. Biol. Chem. 271: 2909-2913. 

Oyaizu, H., K. Komagata, A. Amemura and T. Harada. 1982. A succino- 
glycan-decomposing bacterium, Cytophaga arvensicola sp. nov. J. Gen. 
Appl. Microbiol. 28: 369-388. 

Payza, A.N. and E.D. Korn. 1956a. Bacterial degradation of heparin. 
Nature 177: 88-89. 

Payza, A.N. and E.D. Korn. 1956b. The degradation of heparin by bac- 
terial enzymes. 1. Adaption and lyophilized cells. J. Biol. Chem. 225: 
853-864. 

Plummer, T.H., Jr., A.L. Tarentino and C.R. Hauer. 1995. Novel, specific 
O-glycosylation of secreted l'lavobacterium meningosepticum proteins. Asp- 
Ser and Asp-Thr-Thr consensus sites. J. Biol. Chem. 270: 13192-13196. 

Potvliege, C., C. Dejaegher-Bauduin, W. Hansen, M. Dratwa, F. Collart, C. 
Tielemans and E. Yourassowsky. 1984. Flavobacterium multivorum septi- 
cemia in a hemodialyzed patient. J. Clin. Microbiol. /9 568—569. 

Reichenbach, H., W. Kohl and H. Achenbach. 1981. The flexirubin- 
type pigments, chemosystematically useful compounds. /» The 
Flavobacterium—-Cytophaga Group. Gesellschaft für Biotechnologische 


350 


Forschung Monograph Series, No. 5 (edited by Reichenbach and 
Weeks). Verlag Chemie, Weinheim, pp. 101-108. 

Reichenbach, H. 1989. Genus I. Cytophaga. In Bergey’s Manual of Sys- 
tematic Bacteriology, vol. 3 (edited by Staley, Bryant, Pfennig and 
Holt). Williams & Wilkins, Baltimore, pp. 2015-2050. 

Reina, J., N. Borrell and J. Figuerola. 1992. Sphingobaclerium multivorum 
isolated from a patient with cystic fibrosis. Eur. J. Clin. Microbiol. 
Infect. Dis. 11: 81-82. 

Roh, S.W., Z.X. Quan, Y.D. Nam, H.W. Chang, K.H. Kim, M.K. Kim, 
W.T. Im, L. Jin, S.H. Kim, S.T. Lee and J.W. Bae. 2008. Pedobacter agri 
sp. nov., from soil. Int. J. Syst. Evol. Microbiol. 58: 1640-1645. 

Rosa-Putra, S., A. Hemmerlin, J. Epperson, T.J. Bach, L.H. Guerra and 
M. Rohmer. 2001. Zeaxanthin and menaquinone-7 biosynthesis in 
Sphingobacterium multivorum via the methylerythritol phosphate path- 
way. FEMS Microbiol. Lett. 204: 347-353. 

Salyers, A.A., J.R. Vercellotti, S.E. West and T.D. Wilkins. 1977. Fermen- 
tation of mucin and plant polysaccharides by strains of Bacteroides 
from the human colon. Appl. Environ. Microbiol. 35: 319-322. 

Shaya, D., Y. Li and M. Cygler. 2004. Crystallization and preliminary 
X-ray analysis of heparinase II from Pedobacter heparinus. Acta Crystal- 
logr. D Biol. Crystallogr. 60: 1644-1646. 

Shivaji, S., M.K. Ray, N.S. Rao, L. Saisree, M.V. Jagannadham, G.S. 
Kumar, G.S.N. Reddy and P.M. Bhargava. 1992. Sphingobacterium ant- 
arcticus sp. nov., a psychrotrophic bacterium from the soils of Schir- 
macher Oasis, Antarctica. Int. J. Syst. Bacteriol. 42: 102-106. 

Shivaji, S. 2005. Microbial diversity and molecular basis of cold adapta- 
tion in Antarctic bacteria. /n Microbial Diversity: Current Perspec- 
tives and Potential Applications (edited by Satyanarayana and Johri). 
LK. International, New Delhi, pp. 3-24. 

Shivaji, S., P. Chaturvedi, G.S. Reddy and K. Suresh. 2005. Pedobacter 
himalayensis sp. nov., from the Hamta glacier located in the Himalayan 
mountain ranges of India. Int. J. Syst. Evol. Microbiol. 55: 1083-1088. 

Shriver, Z., D. Liu, Y. Hu and R. Sasisekharan. 1999. Biochemical inves- 
tigations and mapping of the calcium-binding sites of heparinase I 
from Flavobacterium heparinum. J. Biol. Chem. 274: 4082-4088. 

Silver, P.J. 1998. IBT 9302 (Heparinase III): a novel enzyme for the man- 
agement of reperfusion injury-related vascular damage, restenosis 
and wound healing. Expert Opin. Investig. Drugs 7: 1003-1014. 

Stackebrandt, E. and B.M. Goebel. 1994, Taxonomic note: a place for 
DNA-DNA reassociation and 16S rRNA sequence analysis in the pres- 
ent species definition in bacteriology. Int. J. Syst. Bacteriol. 44: 846-849. 

Steyn, P.L., B. Pot, P. Segers, K. Kersters and J.J. Joubert. 1992. Some 
novel aerobic heparin-degrading bacterial isolates. Syst. Appl. Micro- 
biol. 15: 137-143. 

Steyn, P.L., P. Segers, M. Vancanneyt, P. Sandra, K. Kersters and J.J. Jou- 
bert. 1998. Classification of heparinolytic bacteria into a new genus, 
Pedobacter, comprising four species: Pedobacter heparinus comb. nov., 
Pedobacter piscium comb. nov., Pedobacter africanus sp. nov. and Pedo- 
bacter saltans sp. nov. Proposal of the family Sphingobacteriaceae fam. 
nov. Int. J. Syst. Bacteriol. 48: 165-177. 

Su, H., F. Blain, R.A. Musil, J.J. Zimmermann, K. Gu and D.C. Bennett. 
1996. Isolation and expression in Escherichia coli of hepB and hepC, 
genes coding for the glycosaminoglycan-degrading enzymes hepari- 
nase II and heparinase III, respectively, from Flavobacterium hepari- 
num. Appl. Environ. Microbiol. 62: 2723-2734. 

Su, H., Z. Shao, L. Tkalec, F. Blain and J. Zimmermann. 2001. Develop- 
ment of a genetic system for the transfer of DNA into Flavobacterium 
heparinum. Microbiology 147: 581-589. 

Tabata, K, H. Abe and Y. Doi. 2000. Microbial degradation of 
poly(aspartic acid) by two isolated strains of Pedobacter sp. and Sphin- 
gomonas sp. Biomacromolecules 1: 157-161. 

Takeuchi, M. and A. Yokota. 1992. Proposals of Sphingobacterium faecium sp. 
nov., Sphingobacterium piscium sp. nov., Sphingobacterium heparinum comb. 
nov., Sphingobacterium thalpophilum comb. nov. and two genospecies of 
the genus Sphingobacterium, and synonymy of Flavobacterium yabuuchiae 
and Sphingobacterium spiritivorum. J. Gen. Appl. Microbiol. 38: 465—482. 

Takeuchi, M. and A. Yokota. 1993. In Validation of the publica- 
tion of new names and new combinations previously effectively 


FAMILY |. SPHINGOBACTERIACEAE 


published outside the IJSB. List no. 47. Int. J. Syst. Bacteriol. 43: 
864—865. 

Tatum, H.W., W.H. Ewing and R.E. Weaver. 1974. Miscellaneous Gram- 
stain-negative bacteria. /n Manual of Clinical Microbiology, 2nd edn 
(edited by Lennette, Spaulding and Truant). American Society for 
Microbiology, Washington, D.C., pp. 270—294. 

Ten, L.N., Q.M. Liu, W.T. Im, M. Lee, D.C. Yang and S.T. Lee. 2006a. 
Pedobacter ginsengisoli sp. nov., a DNase-producing bacterium isolated 
from soil of a ginseng field in South Korea. Int. J. Syst. Evol. Micro- 
biol. 56: 2565-2570. 

Ten, L.N., O.M Liu, W.T. Im, Z. Aslam and S.T. Lee. 2006b. Sphingobac- 
lerium composti sp. nov., a novel DNase-producing bacterium isolated 
from compost. J. Microbiol. Biotechnol. 76: 1728-1733. 

Ten, L.N., O.M Liu, W.T. Im, Z. Aslam and S.T. Lee. 2007. In Validation 
of the publication of new names and new combinations previously 
effectively published outside the IJSEM. List no. 116. Int. J. Syst. Evol. 
Microbiol. 57: 1371-1373. 

Tkalec, A.L., D. Fink, F. Blain, G. Zhang-Sun, M. Laliberte, D.C. Bennett, 
K. Gu, J.J. Zimmermann and H. Su. 2000. Isolation and expression 
in Escherichia coli of cslA and cslB, genes coding for the chondroitin 
sulfate-degrading enzymes chondroitinase AC and chondroitinase 
B, respectively, from Flavobacterium heparinum. Appl. Environ. Micro- 
biol. 66: 29-35. 

Tronel, H., P. Plesiat, E. Ageron and P.A. Grimont. 2003. Bacteremia 
caused by a novel species of Sphingobacterium. Clin. Microbiol. Infect. 
9: 1242-1244. 

Tsukamoto, T., H. Murata and A. Shirata. 2002. Identification of non- 
pseudomonad bacteria from fruit bodies of wild agaricales fungi that 
detoxify tolaasin produced by Pseudomonas tolaasii. Biosci Biotechnol. 
Biochem. 66: 2201-2208. 

Vanparys, B., K. Heylen, L. Lebbe and P. De Vos. 2005. Pedobacter caeni 
sp. nov., a novel species isolated from a nitrifying inoculum. Int. J. 
Syst. Evol. Microbiol. 55: 1315-1318. 

Wei, W., Y. Zhou, X. Wang, X. Huang and R. Lai. 2008. Sphingobacterium 
anhuiense sp. nov., isolated from forest soil. Int. J. Syst. Evol. Micro- 
biol. 58: 2098-2101. 

Wei, Z., M. Lyon and J.T. Gallagher. 2005. Distinct substrate specificities 
of bacterial heparinases against N-unsubstituted glucosamine resi- 
dues in heparan sulfate. J. Biol. Chem. 280: 15742-15748. 

Yabuuchi, E. and C.W. Moss. 1982. Cellular fatty-acid composition 
of strains of 3 species of Sphingobaclerium gen nov and Cytophaga 
johnsonae. FEMS Microbiol. Lett. 13: 87-91. 

Yabuuchi, E. T. Kaneko, I. Yano, C.W. Moss and N. Miyoshi. 1988. 
Sphingobacterium gen. nov., Sphingobacterium spiritivorum comb. nov., 
Sphingobacterium multivorum comb. nov., Sphingobacterium mizutae sp. 
nov., and Flavobaclerium indologenes sp. nov., glucose-nonfermenting 
Gram-negative rods in CDC group IiK-2 and group IIb. Int. J. Syst. 
Bacteriol. 33: 580-598. 

Yang, V.C., R.J. Linhardt, H. Bernstein, C.L. Cooney and R. Langer. 
1985. Purification and characterization of heparinase from Flavobac- 
terium heparinum. J. Biol. Chem. 260: 1849-1857. 

Yano, I., I. Tomiyasu and E. Yabuuchi. 1982. Long-chain base composi- 
tion of strains of 3 species of Sphingobacterium gen. nov. FEMS Micro- 
biol. Lett. 15: 303-307. 

Yano, L, S. Imaizumi, I. Tomiyasu and E. Yabuuchi. 1983. Separation 
and analysis of free ceramides containing 2-hydroxy fatty-acids in 
Sphingobacterium species. FEMS Microbiol. Lett. 20: 449—453. 

Ye, Y., H. Min and Y. Du. 2004. Characterization of a strain of Sphingobac- 
lerium sp. and its degradation to herbicide mefenacet. J. Environ. Sci. 
(China) 16: 343-347. 

Yoo, S.H., H.Y. Weon, H.B. Jang, B.Y. Kim, S.W. Kwon, S.J. Go and E. 
Stackebrandt. 2007. Sphingobacterium composti sp. nov., isolated from 
cotton-waste composts. Int. J. Syst. Evol. Microbiol. 57: 1590-1593. 

Yoon, J.H., M.H. Lee, S.J. Kang, S.Y. Park and T.K. Oh. 2006. Pedobacter 
sandarakinus sp. nov., isolated from soil. Int. J. Syst. Evol. Microbiol. 
56: 1273-1277. 

Yoon, J.H., S.J. Kang, H.W. Oh and T.K. Oh. 2007a. Pedobacter insulae sp. 
nov., isolated from soil. Int. J. Syst. Evol. Microbiol. 57: 1999-2003. 


GENUS I. CHITINOPHAGA 


Yoon, J.H., S.J. Kang and T.K. Oh. 2007b. Pedobacter terrae sp. nov., iso- 
lated from soil. Int. J. Syst. Evol. Microbiol. 57: 2462-2466. 

Yoon, J.H., S.J. Kang, S. Park and T.K. Oh. 2007c. Pedobacter lentus sp. 
nov. and Pedobacter terricola sp. nov., isolated from soil. Int. J. Syst. 
Evol. Microbiol. 57: 2089-2095. 


351 


Yoon, M.H., L.N. Ten, W.T. Im and S.T. Lee. 2007d. Pedobacter panaci- 
lerrae sp. nov., isolated from soil in South Korea. Int. J. Syst. Evol. 
Microbiol. 57: 381-386. 

Zimmermann, J.J., R. Langer and C.L. Cooney. 1990. Specific plate assay 
for bacterial heparinase. Appl. Environ. Microbiol. 56: 3593-3594. 


Family Il. Chitinophagaceae fam. nov. Kampfer, Lodders and Falsen 2010 


PETER KAMPFER 


Chi.ti.no.pha.ga.ce'a.e. N.L. fem. n. Chitinophaga type genus of the family; suff. -aceae ending to 
denote a family; N.L. fem. pl. n. Chitinophagaceae the Chitinophaga family. 


This family is defined in part on the basis of sequence similari- 
ties of 16S rRNA gene sequences. The main properties are 
described in the description of the order Sphingobacteriales. Cells 
are often thin, rod-shaped and usually nonmotile. Swarming 
motility may occur. Aerobic or facultatively anaerobic. Limited 
fermentative capabilities are observed in some members. 
Menaquinones are of the MK-7 type, and a fatty acid pattern 
containing C,., iso, C,,,, iso 3-OH, and C,., iso G are the most 
important components and characteristics. The family com- 
prises two genera, Chitinophaga (Sangkhobol and Skerman, 
1981) and Terrimonas (Xie and Yokota, 2006) in addition to the 


recently described genera Niastella (Weon et al., 2006), Seget- 
ibacter (An et al., 9007), Niabella (Kim et al., 9007), Flavisolibacter 
(Yoon and Im, 2007), Sediminibacterium (Qu and Yuan, 2008), 
Parasegetibacter (Zhang et al., 2009), Lacibacter (Qu et al., 2009), 
Ferruginibacter (Lim et al, 2009), Filimonas (Shiratori et al., 
2009), Flavihumibacter (Zhang et al, 2010) and Hhydrotalea 
(Kàmpfer et al., 2010), which also share the main properties of 
the order Sphingobacteriales. 

Type genus: Chitinophaga Sangkhobol and Skerman 1981, 
288V", 


Genus |. Chitinophaga Sangkhobol and Skerman 1981, 285”? emend. Kämpfer, Young, Sridhar, Arun, Lai, Shen 
and Rekha 2006, 2225"? 


THE EprroniAL BoARD 


Chi.ti.no'pha.ga. N.L. n. chitinum chitin; Gr. v. phagein to devour, to eat; N.L. fem. n. Chitinophaga chitin 


eater, chitin destroyer. 


Flexible rods with rounded ends, 0.5-0.8 x ~40 um when fully 
developed. Occur singly. A resting stage (microcyst), 0.8-0.9 um 
in diameter, is formed but is not highly refractile. Macroscopic 
fruiting bodies are not formed. Motility by gliding is possessed 
by some, but not all species. Gram-stain-negative. Aerobic. 
Optimum temperature, 23-24°C; maximum, 37-40°C; mini- 
mum: 10-12*C. Optimum pH, 7; maximum, 8-10; minimum, 4. 
Chemo-organotrophic. Oxidative or fermentative. Acid but no 
gas produced from some carbohydrates. Some species hydro- 
lyze chitin and some hydrolyze cellulose. Agar is not hydrolyzed. 
Congo red is not absorbed. Cell masses are yellow. The major 
fatty acids are C,,, @5c and C; iso. Ci} is not present. In those 
species that have been analyzed, the quinone system is MK-7 
and the major polyamine is homospermidine. 

DNA G+C content (mol 96): 43—46. 

Type species: Chitinophaga pinensis Sangkhobol and Skerman 
1981, 285%. 


Enrichment and isolation procedures 


Most strains of Chitinophaga can be isolated by inoculating water 
samples from the littoral zones of freshwater lakes and creeks onto 
a medium prepared by adding 1.5% of an optically clear agar to 
lake water which has been freed of optically visible particles by 
filtration through a membrane filter (pore size 0.45 um) (Sker- 
man, 1989). The pH is not adjusted. The medium is sterilized at 
121°C for 15 min. The medium contains adequate nutrients for 
the development of microcolonies of most of the organisms that 
constitute the resident populations of freshwaters. Supplementa- 
tion tends to produce overgrowth that makes isolation more dif- 
ficult. Although a chitin-supplemented medium might enhance 


development of chitin-hydrolyzing species of Chitinophaga, it 
could also enhance the growth of other chitin-hydrolyzing bacte- 
ria at the expense of the slower-growing Chitinophaga cells. 

The medium is inoculated by allowing ~0.05 ml to flow 
across the face of the medium and then removing excess sur- 
face moisture by incubating the medium for 10 min in a sterile 
chamber at 22°C. Petri dish cultures are examined periodically 
from 8 to 24 h by using a 10x phase-contract objective. Typical 
gliding filaments are isolated with a microloop (Skerman, 1989) 
before overgrowth of colonies of other microorganisms occurs. 
Selected cells are transferred to a lake-water agar supplemented 
with 0.01% peptone (Difco) and 0.01% yeast extract (Difco), 
which supports more luxuriant growth. 

Chitinophaga skermanii was isolated from the feces of the mil- 
lipede Arthrosphaera magna collected in India. The organism was 
cultured on nutrient agar (Kampfer et al., 2006). 

Strains of Chitinophaga arvensicola were isolated from peat 
samples collected from a Sphagnum peat bog in West Siberia 
(Pankratov et al., 2006). Aerobic cellulolytic communities 
were enriched using 120-ml serum bottles containing strips of 
filter paper immersed in 30 ml of 0.2x diluted liquid mineral 
medium ST5 (Stanier, 1942). Cell suspensions of the resulting 
enrichments were spread-plated onto the surface of the dilute 
ST5 solidified with agar and containing various supplements, 
such as 0.1% starch, 1% peat extract, or gellan gum. 

Chitinophaga japonensis was isolated on a starch-casein agar 
plate from a soil sample (Fujita et al., 1996). Chitinophaga gin- 
sengisegelis and Chitinophaga ginsengisoli were isolated from a gin- 
seng field in South Korea (Lee et al., 2007). Chitinophaga terrae 
was isolated from soil from a field in South Korea. 
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Maintenance procedures 


Cultures can be preserved by lyophilization or by liquid nitrogen 
storage. For lyophilization, cultures grown on CYEA for 48 h at 
22°C are suspended in Mist Desiccans [which contains (per liter 
of distilled water) Bacto peptone (Difco), 12 g, and glucose, 
30 g; Greaves (1956)], freeze-dried, and stored in ampoules 
under oxygen-free nitrogen at 4°C. For liquid nitrogen storage, 
cells from CYEA are suspended to a density of 10° cells/ml in 
filtered lake water containing 10% glycerol. This suspension, 
distributed and sealed in 0.5-ml amounts in 0.7-ml ampoules is 
precooled to -20°C for 2 h before storage in liquid nitrogen. 


Differentiation of the genus Chitinophaga 
from other genera of unicellular gliding organisms 


The ability to hydrolyze pnitrophenyl (pNP)-phosphorylcho- 
line, 2-deoxythymidine-5'-pNP phosphate, L-glutamate-y-3-car- 
boxy-p-nitroanilide (NA) and L-proline-pNA can differentiate 
Chitinophaga species from Terrimonas species (Kampfer et al., 
2006); however, results for Chitinophaga terrae, Chitinophaga gin- 
sengisegelis, and Chitinophaga ginsengisoli have not been reported 
in this regard. 


Taxonomic comments 


On basis of 16S rRNA gene sequence analysis and menaquinone 
analysis of Cytophaga species, Nakagawa and Yamasato (1993) 
concluded that the genus Cytophaga was so heterogeneous that 
it should be divided into several genera in accordance with 
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phylogenetic relationships. Sly et al. (1999) reported that 
Chitinophaga pinensis and Flexibacter filiformis formed a distinct 
lineage based on 16S rRNA gene sequencing that also included 
Flexibacter sanctiand Cytophaga arvensicola; later, Flexibacter japon- 
ensis was also added (Nakagawa et al., 2002). Kampfer et al. 
(2006) proposed transferring all of these species to the genus 
Chitinophaga on the basis of phylogenetic and phenotypic data. 
Although the similarities of the 16S rRNA gene sequences were 
low (88.5-96.4%), there was no evidence for clear phenotypic 
differences between these organisms that would justify assign- 
ment to different genera. Kàmpfer et al. (2006) also added a 
new species to the genus Chitinophaga, Chitinophaga skermanii. 

16S rRNA gene sequence analysis by Lee et al. (2007) indi- 
cated that Chitinophaga ginsengisegetis had 96.596 similarity to 
Chitinophaga arvensicola, 94.596 to Chitinophaga japonensis, 93.4% 
to Chitinophaga sancti, 93.4% to Chitinophaga filiformis, 92.0% 
to Chitinophaga skermanii, and 91.9% to Chitinophaga pinensis. 
These values indicated that Chitinophaga ginsengisegelis was a dis- 
tinct species within the genus Chitinophaga. Chitinophaga ginsen- 
gisoli exhibited 00.6% similarity to Chitinophaga filiformis, which 
suggested that they might belong in a single species; however, 
the two species had a DNA-DNA relatedness value of only 3896, 
indicating that they were separate species. 

16S rRNA gene sequence analysis indicated that Chitin- 
ophaga terrae belonged to Chitinophaga, but the 16S rRNA gene 
sequence similarities between Chitinophaga terraeand established 
Chitinophaga species ranged from 90.3 to 95.7% (Kim and Jung, 
2007), indicating that Chitinophaga terrae was a distinct species. 


List of species of the genus Chitinophaga 


1. Chitinophaga pinensis Sangkhobol and Skerman 1981, 285V* 
pi'nen.sis L. n. pinus a pine, pine-tree; N.L. fem. adj. pinensis 
pertaining to pines. 

The characteristics are as given for the genus and as listed 
in Tables 81 and 82, with the following additional features. 
Rods 0.5-0.8 x —40 um, with rounded ends. Microcyst dia- 
meter, 0.8-0.9 um. The cell mass is yellow. Motile by glid- 
ing motility. Temperature range, 10—40^C; optimum, 23-24. 
pH range, 4-8; some strains can grow at pH 10. NaCl toler- 
ance, 0-1%; some strains can grow at 2%. Catalase-positive. 
Oxidase-negative. Chitin, gelatin, urea, casein, and Tweens 
20, 40, and 80 are hydrolyzed but not cellulose, starch, alg- 
inate, or agar. Nitrate is not reduced. Phenylalanine deami- 
nase and tryptophan deaminase activity is not present. In the 
O-F test for glucose catabolism, some strains are slowly oxida- 
tive while others are fermentative. 

DNA G+C content (mol 96): 43—46 (T): 

Type strain: ATCC 43595, DSM 2588, IFO (now NBRC) 
15968, LMG 13176, UQM 2034. 

Sequence accession no. (16S rRNA gene): AF078775. 


2. Chitinophaga arvensicola (Oyaizu, Komagata, Amemura and 
Harada 1983) Kampfer, Young, Sridhar, Arun, Lai, Shen and 
Rekha 2006, 2225’? emend. Pankratov, Kulichevskaya, Lie- 
sack and Dedysh 2006, 2764V* (Cytophaga arvensicola Oyaizu, 
Komagata, Amemura and Harada 1983, 438"; effective publi- 
cation: Oyaizu, Komagata, Amemura and Harada 1982, 385.) 
ar.ven'si.co'la. N.L. adj. arvensis (from L. n. arvum a field) 
belonging to or living in the fields; L. suff. -colafrom L. n. incola 
inhabitant; N.L. n. arvensicola an inhabitant of the fields. 


The characteristics are as described for the genus and as 
listed in Tables 81 and 82, with the following additional fea- 
tures. Rod-shaped cells 0.4—0.5 x 10—40 um. Motile by glid- 
ing (Pankratov et al., 2006); nonmotile by gliding (Kampfer 
et al., 2006). Cells undergo a cyclic shape change in the 
course of culture development. Young cultures contain 
long and agile thread cells. On ageing, long cells divide into 
several nonmotile shorter (0.5—0.7 x 1.5-5 um) cells. Old 
cultures consist of short rods (0.5—0.7 x 0.7-2 um). Colonies 
are yellow-pigmented, irregularly shaped, with non-entire 
edges and flat. Produces flexirubin. Chemo-organotrophic. 
Aerobic or microaerobic. Growth occurs at temperatures 
between 4 and 37°C and at pH values between 4.5 and 8.0. 
NaCl inhibits growth at concentrations above 396 (w/v). 
Major fatty acids are C,., iso, C,,, 5c and C., iso 3-OH. 
Nitrate reduction is variable. Mannitol, p-sucrose, D-cellobi- 
ose, D-rhamnose, D-galactose, inositol, D-xylose, D-glucose, 
and p-maltose are utilized, but not sorbitol, acetate, citrate, 
p-arabinose, or dulcitol. Casein, esculin, gelatin, gellan 
gum, and laminarin are hydrolyzed. Some strains are also 
capable of hydrolyzing xylan, starch, and agar. Cellulose, 
carboxymethylcellulose, pectin, chitin, and Tweens 20, 40, 
and 80 are not hydrolyzed. Acid is produced from p-glucose, 
p-xylose, D-cellobiose, p-maltose, D-sucrose, p-rhamnose, 
and p-galactose. 

Source: Soils and acidic wetlands. The type strain was from 
soil of Osaka Prefecture, Japan. 

DNA G+C content (mol % ): 42.8-46.4 (Bd, T.) 

Type strain: M64, ATCC 51264, CIP 104804, DSM 3695, 
IAM 12650, JCM 2836, NBRC 14973. 

Sequence accession no. (16S rRNA gene): AM237311. 
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TABLE 81. Characteristics differentiating the type strains of the species of Chitinophaga^" 


° 
Ds 
š 2 
E 
e 
x * 
2 > 
š š 
S B 
& S 
Characteristic S S 
Cell length (um) <40 0.6-4 
Gliding motility * += 
Filamentous shape + =: 
Catalase + + 
Urease + _ 
Gelatin liquefaction + = 
Chitin degradation + = 
Growth at 37°C + _ 
Maximum NaCl concentration (%, w/v) nd 2 
DNA G+C content (mol%) 45 46 
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30-80 1.1-1.3 1.2-1.6 2-18 2-15 1-2 0.6-0.8 

+ _ _ + + _ _ 
+ _ _ + + - - 
- - t + _ + + 
nd + + nd nd _ _ 
+ + + + + + _ 
+ + - nd - 
+ + + + _ + + 
0.3 2 <l 2 nd nd 
45 47 48 50 43 41 46 


‘Symbols: +, positive; —, negative; nd, not determined. 


‘Data from Kämpfer et al. (2006), Xie and Yokota (2006), Takeuchi and Yokota (1992), Oyaizu et al. (1982), Kim and Jung (2007), and Lee 


et al. (2007). 


“Kämpfer et al. (2006) reported no gliding motility for IAM 126507; Pankratov et al. (2006) reported gliding motility for DSM 3695". 


TABLE 82. Assimilation of carbon sources by the type strains of the species of Chitinophaga*® 


s iS 

2x Š ° $$ 

PRO PES gg 

S8 $3 SÉ 

Carbon source S < SA SZ 
N-Acetyl-p-glucosamine + + - 
Adonitol - E = 
L-Arabinose + +° = 
p-Galactose + = _ 
Gluconate = = = 
Maltitol 44 = 4c 
p-Mannose, p-maltose t t + 
a-p-Melibiose - + +b 
rL-Rhamnose +° šE _ 
p-Ribose - $ = 
Sucrose + p $ 
D-Trehalose + +° + 
p-Xylose +° + + 


" 
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E = S ci ao So SQ Ë 
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P N " a . . . H 
S ð S ð SZ us So ü 
+ + + _ + + 
nd nd + _ _ nd 
+ + + +° _ + 
nd nd + _ _ nd 
+° + _ +° - = 
nd nd + _ _ nd 
+ + + _ + + 
+ + + 4a "n + 
+ + + _ _ + 
+ + + _ _ + 
nd nd + _ H nd 
nd nd + _ _ nd 


“Symbols: +, positive; —, negative; nd, not determined. 
"Data from Kampfer et al. (2006), Kim and Jung (2007), and Lee et al. (2007). 
“Positive after 7 d. 


“Positive after 14 d. 


3. Chitinophaga filiformis 


(Reichenbach 1989) Kampfer, 


Young, Sridhar, Arun, Lai, Shen and Rekha 2006, 2225‘? 
[Flexibacter filiformis (Solntseva 1940) Reichenbach 1989, 
2067; Myxococcus filiformis Solntseva 1940, 221; Flexibacter ele- 
gans Soriano 1945, 93, non Lewin 1969, 200] 


fi.li.for'mis. L. neut. n. filum a thread; L. suff. -formis like, of 
the shape of; N.L. fem. adj. filiformis thread-shaped. 


The characteristics are as given for the genus and as listed 
in Tables 81 and 82, with the following additional features. 
Gliding motility is present. The organisms exhibit a cyclic 
shape change. Cell populations are usually highly pleomor- 
phic. In young cultures are found long and very flexible 


thread cells with tapering ends, 0.4—0.5 x 30-80 um, some- 
times even longer. Later, the thread cells fragment so that 
even shorter cells appear when the culture ages. Finally, 
only short, often curved, sometimes almost coccoid rods are 
present which are clearly fatter and, under phase-contrast, 
darker than the thread cells, measuring 0.5-0.6 x 0.7-1.0 um 
or less. The short cells may still continue to grow and divide 
as such. Usually they grow out into thread cells again when 
brought into fresh medium. The morphological cycle is 
controlled by environmental factors, particularly nutrients 
and temperature, and may be manipulated experimentally. 
On agar plates, particularly on media that allow swarming, 
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the different morphological forms are, as a rule, found 
within one (usually the same) colony, with the longer cells 
near the edge of the swarm. The thread cells have no, or 
very few cross-walls, 10—30 um apart, recognizable with the 
electron microscope. Each compartment appears to contain 
several nucleoids. The thread cells are extremely agile, glid- 
ing, bending, and twisting, but those shorter than about 6 
um are completely nonmotile. On solid media with a low 
nutrient content (e.g., 0.01% yeast extract) or on yeast agar 
(e.g., VY/2 agar; Reichenbach and Dworkin, 1981), the colo- 
nies are fast-spreading delicate swarms. On VY/2 agar the 
colonies have a characteristic surface pattern of circular or 
elongated flat mounds. On agar media with peptone concen- 
trations above 0.3%, the colonies become more and more 
compact, with a convex surface and a smooth edge. Such 
colonies often contain only short rods. On yeast agar the 
cell mass is usually pale yellow, whereas on peptone media 
it is intensely golden yellow. This color changes quickly into 
purple or red-brown when alkali (e.g., 20% KOH solution) 
is added, and it returns to bright yellow when acid (e.g., 10% 
HCl) is added. The color reaction is due to the presence 
of flexirubin pigments, which are the main pigments of the 
organism. Many strains also contain substantial quantities of 
the bright yellow carotenoid, zeaxanthin. Very pale or totally 
nonpigmented strains are rarely found. 

Catalase-negative. Oxidase-positive. Nitrate is not reduced. 
No growth occurs on seawater media. The highest NaCl con- 
centration tolerated is 0.3%. 

Peptones or a simpler organic nitrogen compound, NH,* 
or NO,, can serve as the sole source of nitrogen. Various 
sugars are used as carbon and energy sources and are usually 
metabolized with the production of acids. Acetate produced 
in this way is reused later; other organic acids, however, are 
not utilized. An acidic reaction occurs with glucose. In lit- 
mus milk, there is no acid production or coagulation; litmus 
is reduced and casein is hydrolyzed. Gelatin, casein, chitin, 
and yeast cells (in VY/2 agar) are hydrolyzed, but not starch 
or DNA. Indole and H,S are not produced. 

Strictly aerobic. Optimum temperature, ~35°C; this organ- 
ism still grows well at 38°C. Optimum pH, -7. 

Source: Soil, decaying plant material, dung of herbivorous 
animals, and freshwater habitats in many different places. Its 
occurrence is rather common. The neotype strain was isolated 
in 1966 from soil collected on the island of Upolu, Samoa. 

DNA GC content (mol % ): 45—47 (Bd, T). 

Type strain: Fx el Reichenbach, ATCC 29495, CCUG 
12809, CIP 106401, DSM 527, HAMBI 1966, NBRC 15056. 

Sequence accession no. (16S rRNA gene): M58782. 


. Chitinophaga ginsengisegetis Lee, An, Im, Liu, Na, Cho, 
Jiun, Lee and Yang 2007, 1398” 
gin.seng.i.se.ge'tis. N.L. n. ginsengum ginseng; L. n. seges, sege- 
lis a field; N.L. gen. n. ginsengisegetis of a ginseng field, the 
source of the organism. 

The characteristics are as given for the genus and as listed in 
Tables 81 and 82, with the following additional features. Cells 
are 0.4—0.6 x 1.1-1.3 um on R2A agar after 3 d. Colonies grown 
on R2A agar for 3 d are smooth, circular, convex, transparent, 
and yellowish. Growth occurs well at 15-42*C and at pH 5.5- 
8.5; slow growth occurs 4°C. Growth occurs in the absence of 
NaCl and in the presence of 2.0% (w/v) NaCl, but not in the 
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presence of 3% (w/v) NaCl. Nitrate is not reduced. Anaerobic 
growth does not occur. DNA, chitin, and xylan are not hydro- 
lyzed. MAcetyl-rn-glucosamine, arabinose, L-fucose, glucose, 
maltose, mannose, D-melibiose, L-proline, rhamnose, salicin, 
D-sorbitol, and sucrose are utilized as sole carbon sources. 
Positive results for the utilization of r-alanine, gluconate, his- 
tidine, inositol, and L-serine are found after 7 d. Utilization of 
5-ketogluconate and malate is positive after 14 d. The following 
compounds are not utilized: acetate, adipate, caprate, citrate, 
glycogen, 3-hydroxybenzoate, 4-hydroxybenzoate, 3-hydroxy- 
butyrate, 2-ketogluconate, itaconate, L-lactate, malonate, man- 
nitol, phenylacetate, propionate, D-ribose, D-sorbitol, suberate, 
and valerate. The following enzyme activities are produced (API 
ZYM gallery): Nacetyl-$-glucosaminidase, acid phosphatase, 
alkaline phosphatase, cystine arylamidase, esterase (C4), 
a-fucosidase, o-galactosidase, o-glucosidase, leucine arylami- 
dase, trypsin, and valine arylamidase, but not chymotrypsin, 
esterase lipase (C8), B-galactosidase, B-glucosidase, B-glucuroni- 
dase, lipase (C14), a-mannosidase, or naphthol-AS-BI-phospho- 
hydrolase. According to the API 20 NE gallery, the following 
tests are positive: arginine dihydrolase, f-galactosidase, and 
urease; glucose fermentation and gelatin hydrolysis are weakly 
positive. Negative results are obtained for nitrate reduction and 
tryptophan degradation. Flexirubin pigmentation is positive. 
Ci; iso and C,,, o5care the predominant cellular fatty acids. 

Source: soil of a ginseng field in Pocheon province, South 
Korea. 

DNA G+C content (mol % ): 47.1 (HPLC). 

Type strain: Gsoil 040, KCTC 12654, DSM 18108. 

Sequence accession no. (16S rRNA gene): AB264798. 


. Chitinophaga ginsengisoli Lee, An, Im, Liu, Na, Cho, Jiun, 


Lee and Yang 2007, 1399"? 


gin.sen.gi.so'li. N.L. n. ginsengum ginseng; L. n. solum soil; 
N.L. gen. n. ginsengisoli of soil of a ginseng field, the source 
of the organism. 


The characteristics are as given for the genus and as listed 
in Tables 81 and 82, with the following additional features. 
Cells are 0.6-0.8 x 1.2-1.6 um on R24 agar after 3 d. Colo- 
nies grown on R2A agar for 3 d are smooth, circular, convex, 
transparent, and yellowish. Growth occurs at 15-42*C and at 
pH 5.5-8.5. Growth occurs in the absence of NaCl and in the 
presence of «1.096 (w/v) NaCl. Nitrate is not reduced. Anaer- 
obic growth does not occur. Chitin but not DNA or xylan is 
hydrolyzed. The following compounds are utilized as sole car- 
bon sources: acetyl-b-glucosamine, arabinose, glucose, malt- 
ose, mannose, D-melibiose, L-proline, salicin, p-sorbitol, and 
sucrose. Positive results are also found for gluconate, inositol 
and rhamnose after 7 d, and for L-fucose and 5-ketoglucon- 
ate after 14 d. The following are not utilized: acetate, adipate, 
L-alanine, caprate, citrate, glycogen, histidine, 3-hydroxy- 
benzoate, 4-hydroxybenzoate, 3-hydroxybutyrate, itaconate, 
2-ketogluconate, L-lactate, malate, malonate, mannitol, phe- 
nylacetate, propionate, D-ribose, L-serine, D-sorbitol, suber- 
ate, or valerate. The following enzymes are present (API ZYM 
gallery): Nacetyl-p-glucosaminidase, acid phosphatase, alka- 
line phosphatase, cystine arylamidase, esterase (C4), esterase 
lipase (C8), o-fucosidase, o-galactosidase, [-galactosidase, 
a-glucosidase, leucine arylamidase, trypsin, and valine arylam- 
idase. Weakly positive utilization of chymotrypsin and p-glu- 
cosidase occurs. Negative for f-glucuronidase, lipase (C14), 
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naphthol-AS-BI-phosphohydrolase, and a-mannosidase. The 
following tests are positive (API 20NE gallery): arginine dihy- 
drolase, B-galactosidase, gelatin hydrolysis, glucose fermenta- 
tion, and urease, but not for nitrate reduction and tryptophan 
degradation. Flexirubin pigmentation is positive. C. , iso and 
C sı @5c are the predominant cellular fatty acids. 

Source: soil of a ginseng field in Pocheon province, South 
Korea. 

DNA G+C content (mol % ): 48.4 (HPLC). 

Type strain: Gsoil 052, KCTC 12592, DSM 18017. 

Sequence accession no. (16S rRNA gene): AB245374. 


. Chitinophaga japonensis (Fujita, Okamoto, Kosako and 
Okuhara 1997) Kampfer, Young, Sridhar, Arun, Lai, Shen 
and Rekha 2006, 2225. (Flexibacter japonensis Fujita, Oka- 
moto, Kosako and Okuhara 1997, 601%"; effective publica- 
tion: Fujita, Okamoto, Kosako and Okuhara 1996, 2.) 
ja.po.nen'sis. N.L. fem. adj. japonensis pertaining to Japan, 
the source of the soil from which the organism was isolated. 

The characteristics are as given for the genus and as listed 
in Tables 81 and 82, with the following additional features. 
Long, slender rods or sometimes filaments. Gliding motil- 
ity is present. Colonies are translucent, orange yellow, and 
flat with irregular edges on nutrient agar. Microcysts are not 
formed. No growth occurs under anaerobic condition on 
nutrient agar. Temperature range, 17-44^C. The following 
tests are positive: catalase; oxidase; nitrate reduction; hydro- 
lysis of gelatin, esculin, and DNA; growth in the presence of 
2.0% NaCl; acid production from D-glucose, D-xylose, D-galac- 
tose, sucrose, lactose, and maltose; and utilization of glycerol, 
p-xylose, adonitol, D-fructose, rhamnose, salicin, and inulin. 
The following tests are negative: Voges—Proskauer; hydrolysis 
of casein, chitin and starch; acid production from p-fructose, 
p-mannitol, p-sorbitol, inositol, and salicin; and utilization of 
p-mannitol, gentiobiose, and p-turanose. MK-7 is the major 
menaquinone, and MK-6 is a minor menaquinone. 

DNA G+C content (mol 96): 49.8 (HPLC). 

Type strain: 758, CIP 105790, DSM 13484, JCM 9735, NBRC 
16041. 

Sequence accession no. (16S rRNA gene): AJ971483. 


. Chitinophaga sancti (Lewin 1969) Kàmpfer, Young, Sridhar, 
Arun, Lai, Shen and Rekha 2006, 2225V" (Flexibacter sancti 
Lewin 1969, 1994") 


sanc'ti. L. n. sanctus a saint; L. gen. n. sancti of a saint, per- 
haps named in honor of Santos Soriano, from whose labora- 
tory the type strain was supplied (etymology is not clear). 


The characteristics are as described for the genus and as 
listed in Table 81, with the following additional features. Rods 
with slightly tapering ends, 0.5 x 2-5 um; some strains may 
be up to >15 um in length. The cell mass on peptone agar is 
golden yellow, reportedly due to the carotenoid, zeaxanthin 
(Lewin, 1969), but it turns instantly purple-red when alkali is 
added, so that, supposedly, flexirubin type pigments are pres- 
ent. On yeast agar (e.g., VY/2 agar), delicate swarms develop, 
and, yeast cells are attacked. On solid media, a tough sticky 
slime is produced. Grows with peptones, Casamino acids or 
NO, but not with glutamate as sole nitrogen source. Various 
sugars are metabolized, with the production of acid. Degrades 
carboxymethylcellulose (CMC), starch, and gelatin. Catalase- 
negative. Reduces NO,. Not halotolerant. Maximum tem- 


perature, 35°C. Stated to resemble Cytophaga johnsonae in most 
respects, except that it does not degrade chitin (Lewin, 1969). 
Source: soil (or similar material) in Argentina and the USA. 
DNA G+C content (mol % ): 46-47. 
Type strain: ATCC 23092, DSM 784, HAMBI 1988, LMG 
8377, NBRC 15057, VKM B-1428. 
Sequence accession no. (16S rRNA gene): M62795. 


. Chitinophaga skermanii Kampfer, Young, Sridhar, Arun, Lai, 


Shen and Rekha 2006, 2226V" 


sker.ma'nii. N.L. gen. masc. n. skermanii of Skerman, in 
honor of Victor B.D. Skerman, an Australian microbiologist, 
in recognition of his numerous contributions to the taxon- 
omy of micro-organisms. 


The characteristics are as described for the genus and as 
listed in Tables 81 and 82, with the following additional fea- 
tures. No gliding motility occurs. Aerobic. Oxidase-positive. 
Good growth occurs after 48 h on nutrient agar, tryptic soy 
agar, and MacConkey agar at 30-40*C. No growth occurs at 
5 or 42°C. Colonies on nutrient agar are smooth, orange, 
circular, translucent, and shiny with entire edges, becoming 
mucoid. Orange pigmentation is non-diffusible and nonfluo- 
rescent; it turns to cherry red upon the addition of 20% KOH 
and retains its original color on addition of HCl. Growth 
occurs at pH 5.5-10 and in the presence of 7% (w/v) NaCl. 
The detailed fatty acid profile has been given by Kampfer 
et al. (2006). The following tests are positive: B-galactosidase, 
acetoin production, gelatinase, and oxidation of glucose, 
mannitol, and melibiose. The following tests are negative: 
arginine dihydrolase, lysine decarboxylase, citrate utilization, 
H,S production, urease, tryptophan deaminase, indole pro- 
duction, oxidation of inositol, sorbitol, rhamnose, sucrose, 
amygdalin, and arabinose, and oxidase. The following 
compounds are utilized as sole carbon sources (tested with 
the Biolog GN system): o-cyclodextrin, dextrin, Tweens 40 
and 80, N-acetyl-p-galactosamine, N-acetyl-p-glucosamine, cel- 
lobiose, L-fucose, gentiobiose, o-D-glucose, o-p-lactose, lactu- 
lose, maltose, D-mannose, D-melibiose, methyl B-p-glucoside, 
p-raffinose, sucrose, D-trehalose, turanose, monomethyl suc- 
cinate, acetic acid, p-galacturonic acid, o-hydroxybutyric acid, 
a-ketobutyric acid, pr-lactic acid, succinic acid, pr-alanine, 
L-alanylglycine, L-asparagine, L-aspartic acid, L-glutamic acid, 
glycyl-L-aspartic acid, glycyl-r-glutamic acid, L-proline, L-ser- 
ine, L-threonine, and glycerol. The following carbon sources 
are not utilized as sole carbon sources: D-arabitol, propionic 
acid, citric acid, glycogen, adonitol, r-arabinose, iso-erythritol, 
D-fructose, D-galactose, myo-inositol, D-mannitol, p-psicose, 
L-rhamnose, p-sorbitol, xylitol, pyruvic acid methyl ester, cis 
aconitic acid, formic acid, D-galactonic acid lactone, p-glu- 
cosaminic acid, p-gluconic acid, p-glucuronic acid, B- and 
y-hydroxybutyric acids, p-hydroxyphenylacetic acid, itaconic 
acid, a-ketoglutaric acid, malonic acid, p-saccharic acid, 
sebacic acid, bromosuccinic acid, quinic acid, succinamic 
acid, L-pyroglutamic acid, o-ketovaleric acid, glucuronamide, 
t-alaninamide, D-alanine, r-histidine, hydroxy-L-proline, 
p-serine, L-leucine, L-ornithine, L-phenylalanine, inosine, 
uridine, thymidine, DL-carnitine, y-aminobutyric acid, uro- 
canic acid, phenylethylamine, putrescine, 2-aminoethanol, 
2,3-butanediol, pr-o-glycerol phosphate, glucose 1-phosphate 
and glucose 6-phosphate. The following enzyme activities are 
present: alkaline phosphatase, butyrate esterase, caprylate 
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esterase, leucine arylamidase, valine arylamidase, cystine 
arylamidase, trypsin, acid phosphatase, naphthol-AS-BI-phos- 
phohydrolase, o-galactosidase, o-glucosidase, B-glucosidase, 
and XNacetyl--glucosaminidase. No enzyme activities are 
present for myristate esterase, o-chymotrypsin, B-galactosi- 
dase, B-glucuronidase, o-mannosidase, and a-fucosidase. 

Source: feces of the millipede Arthrosphaera magna. 

DNA G+C content (mol % ): 40.7 (HPLC). 

Type strain: CC-SG1B, CCUG 52510, CIP 109140. 

Sequence accession no. (16S rRNA gene): AJ971483. 


9. Chitinophaga terrae Kim and Jung 2007, 1723% 
ter'rae. L. gen. n. terrae of the earth. 


The characteristics are as described for the genus and as 
listed in Tables 81 and 82, with the following additional fea- 
tures. Nonmotile. Rods are 0.3-0.5 x 0.6-0.8 um on R2A agar 
after 3 d. Colonies grown on LB agar for 3 d are smooth, 
circular, convex, and yellowish. Growth occurs at 15-42*C 
and at pH 6.0-9.0; slow growth occurs at 42°C and pH 9.0. 
Nitrate is reduced to nitrite but not to N,. The following 
enzymes are produced: Nacetyl-B-glucosaminidase, acid 
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phosphatase, alkaline phosphatase, o-chymotrypsin, cys- 
tine arylamidase, esterase (C4), esterase (C8), a-fucosidase, 
a-galactosidase, a-glucosidase, p-galactosidase, B-glucosidase, 
leucine arylamidase, a-mannosidase, naphthol-AS-BI-phos- 
phohydrolase, trypsin, and valine arylamidase. No produc- 
tion occurs of arginine dihydrolase, B-glucuronidase, lipase 
(C14), protease (gelatin hydrolysis), and urease. The fol- 
lowing compounds are assimilated: r-arabinose, L-fucose, 
D-glucose, maltose, D-mannose, D-melibiose, L-rhamnose, 
sucrose, Nacetyl-p-glucosamine, and salicin. No assimila- 
tion occurs of acetate, adipate, caprate, citrate, gluconate, 
3-hydroxybenzoate, 4-hydroxybenzoate, 3-hydroxybutyrate, 
itaconate, 2-ketogluconate, 5-ketogluconate, lactate, L-malate, 
malonate, phenylacetate, propionate, suberate, n-valerate, 
D-ribose, myo-inositol, p-mannitol, p-sorbitol, L-alanine, L- 
histidine, L-proline, L-serine, and glycogen. C,., iso, C,,, 5c 
and C,,,, iso 3-OH are the predominant cellular fatty acids. 
Source: soil from a field near Daejeon, South Korea. 

DNA G+C content (mol% ): 46.3 (HPLC). 

Type strain: KPO1, KCTC 12836, LMG 24015. 

Sequence accession no. (16S rRNA gene): AB278570. 


Genus II. Terrimonas Xie and Yokota 2006, 1120"? 


THE EprroniAL BoARD 


Ter.ri.mo'nas. L. n. terra soil; L. fem. n. monas a unit, monad; N.L. fem. n. Terrimonas soil monad. 


Rods, occurring singly. Nonmotile. No gliding motility. Gram- 
stain-negative. Aerobic. Growth is inhibited by 21.076 NaCl. 
Oxidase-positive. Catalase weakly positive. Positive for gelatin 
liquefaction, Voges-Proskauer test, and nitrate reduction. Neg- 
ative for urease production and chitin degradation. Major cel- 
lular fatty acids are C; iso, C}; iso, Cj, iso 3-OH, and summed 
feature 3. The predominant menaquinone is MK-7; MK-6 is a 
minor component. The major cellular fatty acids are C,., iso, 
C,,, iso, C} iso 3-OH, and summed feature 3 (comprised of 
Czo iso 2-OH and/or C,,, 7c). Isolated from soil. 

DNA G+C content (mol % ): 47.2-48.9 (HPLC). 

Type species: Terrimonas ferruginea Xie and Yokota 2006, 
1120"* [ Flavobacterium ferrugineum Sickles and Shaw 1934, 429%"; 
Pseudobacterium ferrugineum (Sickles and Shaw 1934) Krasil'nikov 
1949, 234; Empedobacter ferrugineum (Sickles and Shaw 1934) 
Prévot 1961, 181]. 


Further descriptive information 


Terrimonas strains grow well in nutrient broth (Difco), IAM 
medium 802*, and the nitrogen-free medium! of Xie and 
Yokota (2005) at 29°C. Although they can grow well on the lat- 
ter medium, the organisms appear to be incapable of fixing N,, 
based on failure to reduce acetylene and to amplify the nifH 
gene (Xie and Yokota, 2006). 


Differentiation of the genus Terrimonas from related genera 


The lack of swimming and gliding motility, and the occurrence of 
single cells rather than filamentous cells, and the occurrence 


*IAM medium 802 contains (g/1): polypeptone (Nihon Pharmaceutical Co.), 10; 
yeast extract, 2.0; and MgSO,-7H,O, 1.0. 

"The nitrogen-free medium of Xie and Yokota (2005) contains (g/l): glucose, 
10.0; CaCl,-2H,O, 0.1; MgSO,-7H,O, 0.1; KHPO,, 0.9; KH,PO,, 0.1; CaCO,, 5-0; 
FeSO,-7H,O, 0.01; Na,MoO ,-2H,O, 0.005; pH 7-9. 


of MK-7 as the major menaquinone, differentiates Terrimonas 
from the genus Flavobacterium. Lack of gliding motility and the 
occurrence of single cells rather than filamentous cells, differ- 
entiates Terrimonas from the genus Flexithrix. Terrimonas can be 
differentiated from the nongliding, nonfilamentous species 
Chitinophaga arvensicola by its ability to liquefy gelatin and to 
grow at 37°C. It can be distinguished from the nongliding, non- 
filamentous species Chitinophaga skermanii by the higher mol% 
G+C of its DNA (47-49 vs. 41). 


Taxonomic comments 


Xie and Yokota (2006) isolated a bacterial strain called DY from 
garden soil in Japan. Sequence analysis of the 16S rRNA gene 
and the GyrB protein revealed that the closest relative of strain 
DY was the type strain of Flavobacterium ferrugineum Sickles and 
Shaw (1934), with 94.8 and 90.1% similarity, respectively. The 
two strains had menaquinone 7 as the major respiratory qui- 
none, mol% G4C of the DNA (47-49), and a similar fatty acid 
composition. 

Comparison of the 16S rDNA sequences with those of other 
organisms indicated that Terrimonas strains were most closely 
related to Chitinophaga species, sharing less than 92% sequence 
similarity with Chitinophaga arvensicola, Chitinophaga japonen- 
sis, Chitinophaga sancti, Chitinophaga filiformis, and Chitinophaga 
pinensis. Consequently, Xie and Yokota (2006) reclassified Fla- 
vobacterium ferrugineum in a new genus, Terrimonas, as Terrimonas 
ferruginea, and they added their DY as a second species, Terrimo- 
nas lutea. 


Differentiation of species of the genus Terrimonas 


Table 83 lists characteristics that differentiate Terrimonas ferrug- 
inea from Terrimonas lutea. 
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TABLE 83. Characteristics differentiating the species of the genus Terrimonas*” 


Characteristic T. ferrug inea T. lutea 
Colony pigmentation: 
Salmon-red + - 
Yellow - * 
Acid production from: 
Rhamnose, melibiose + _ 
Raffinose, sucrose, galactose, fructose _ + 
Assimilation of: 
Arabinose, trehalose - + 
p-Xylose + = 
Methyl-a-p-mannoside, N-acetylglucosamine, melibiose, sucrose, gentiobiose _ + 
Starch, glycogen + = 
Enzymic activities (API ZYM system): 
p-Galactosidase, o-chymotrypsin + = 
a-Fucosidase w _ 


aSymbols: +, 90% or more percent of strains are positive; — 90% or more of strains are negative; w, weak reaction. 


"Data taken from Xie and Yokota (2006). 


List of species of the genus Terrimonas 


1. Terrimonas ferruginea Xie and Yokota 2006, 1120. (Flavobac- 
terium ferrugineum Sickles and Shaw 1934, 429^; Pseudobacte- 
rium ferrugineum (Sickles and Shaw 1934) Krasil’nikov 1949, 
234; Empedobacter ferrugineum (Sickles and Shaw 1934) Prévot 
1961, 181) 


fer.ru.gi'ne.a. L. fem. adj. ferruginea rust-colored. 


The characteristics are as described for the genus, with the 
following additional features. Cells are single rods, 0.3-0.5 
x 1-3 um. Colonies are circular, nonspreading, and about 
1 mm in diameter. Growth occurs at 10-37°C; optimum, 
25-32°C. Colonies are salmon red on nutrient agar and IAM 
medium 802. No hydrolysis of chitin and chitosan occurs. 
Acid is produced from glucose, cellobiose, maltose, man- 
nose, melibiose, rhamnose, and xylose, but not from sucrose, 
dulcitol, glycerol, inositol, mannitol, sorbitol, raffinose, fruc- 
tose, or galactose. The following carbon sources are utilized: 
glucose, mannose, esculin, xylose, maltose, cellobiose, rham- 
nose, lactose, 5-ketogluconate, starch, and glycogen. Sucrose, 
trehalose, dulcitol, arabinose, galactose, fructose, glycerol, 
inositol, mannitol, methyl-a-p-mannoside, raffinose, sorbi- 
tol, and gentiobiose are not utilized. Activity of the following 
enzymes is strongly positive: B-galactosidase, alkaline phos- 
phatase, leucine arylamidase, valine arylamidase, acid phos- 
phatase, o-chymotrypsin, naphthol phosphohydrolase, C4 
esterase, C8 esterase lipase, and Nacetyl-B-glucosaminidase. 
Weakly positive activity is exhibited for cystine arylamidase, 
trypsin, a-glucosidase, and o-fucosidase. No activity occurs 
for a-galactosidase, f-glucuronidase, f-glucosidase, a-man- 
nosidase, or C14 lipase. 

Source: soil from an unknown locality. 

DNA G+C content (mol % ): 48.9 (HPLC). 
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THE EpiToRIAL BOARD 


Sa.pro.spi.ra.ce’a.e. N.L. fem. n. Saprospira type genus of the family; suff. -aceae ending to denote 
family; N.L. fem. pl. n. Saprospiraceae the Saprospira family. 


The family Saprospiraceae was circumscribed for this volume on the 
basis of phylogenetic analysis for the 16S rDNA sequences; the 
family contains the genera Saprospira (type genus), Haliscom- 
enobacter, Lewinella, and Aureispira. The organisms are Gram- 
stain-negative rods that form long filaments; two genera form 
helical filaments. Flagellar motility is absent. Three genera 
exhibit gliding motility (Saprospira, Lewinella, and Aureispira). 


Two genera consist of helical gliding organisms (Saprospira and 
Aureispira). Nonphototrophic. Nonsporeforming. Aerobic. The 
color of the cell mass is pink, yellow, or orange. Found in fresh- 
water and/or marine environments. The mol% G+C content of 
the DNA ranges from 33 to 53. 
Further differences among the genera are listed in Table 84. 
Type genus: Saprospira Gross 1911, 2024". 
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TABLE 84. Distinguishing characteristics for genera of the family Saprospiraceae*» 


Characteristic Saprospira Aureispira Haliscomenobacter Lewinella 
Helical filaments + + = _ 
Sheaths - = + + 
Gliding motility + + = + 
Seawater required for growth D + EN a 
Starch hydrolysis - = + _ 
Trypsin activity + D nr nr 
Acid phosphatase, naphthol-AS-BI-phosphohydrolase = + nr nr 
Major polyamine: 

Spermidine - + + nr 

Agmatine + _ = ñi 
Habitat: 

Freshwater, wastewater, sewage D - Jis = 

Marine environments D + ES ES 
DNA G+C content (mol%) 33-48* 38-39 49 45-534 


* Symbols: +, 90% or more of strains are positive, —, 10% or less of strains are positive; D, different reactions in different species; nr, not reported or not 


applicable. 


"Data from Hamana and Nakagawa (2001), Hosoya et al. (2007, 2006), Reichenbach (1989), and Sly et al. (1998). 


©The G+C content of the type species is 46-48 mol%. 
“The G+C content of the type species is 45 mol%. 


Genus l. Saprospira Gross 1911, 202^- 


RALPH A. LEWIN 


Sap.ro.spi'ra. Gr. adj. sapros rotten, putrid; L. fem. n. spira a spiral; N.L. fem. n. Saprospira spiral associated 


with decaying matter. 


Thefollowing generic description is modified from Reichenbach 
(1989). Helical filaments 10-500 um long and 0.5-3 um wide, 
multicellular, unbranched, without sheaths. Cells 1.5-3.5 um 
in length. Gram-stain-negative. Non-flagellate. Move by gliding 
in either longitudinal direction at speeds up to 180 um/min, 
simultaneously rotating around their long axes. Resting stages 
not known. Colonies on agar surfaces are spreading; they may 
exhibit a regular pattern of stripes. Strictly aerobic organotrophs 
requiring amino acids. Pigmentation is by carotenoids — pink, 
yellow, orange, or red. Aquatic, marine, or freshwater, on surfaces 
or in bottom sediments. 

DNA G+C content (mol % ): 33-48 (Bd, T). 

Type species: Saprospira grandis Gross 1911, 2024". 


Further descriptive information 


The saprospiras are versatile microbes. They are not rare; they 
are nevertheless all too little studied, perhaps because they 
apparently include no pathogens. Their characteristic gliding 
motility can be seen in the film by Reichenbach (1980). They 
move on solid surfaces where they can hope to find potentially 
nutrient substrates or prey bacteria, but how they move is still 
under investigation (Aizawa, 2005). The filaments are multi- 
cellular, and it is not known how the cells are coordinated to 
push all in one direction or the other. What induces filaments 
to reverse their direction, or to break is unknown. 

Saprospiras are typically helical, but the function of this 
shape is not understood. A helical form might facilitate wrig- 
gling around particles, but experimental evidence is lacking. 

All saprospiras in culture are colored, due to different kinds 
of carotenoids (Lewin and Fox, 1963). Since the organisms are 
not photosynthetic, the function of the pigments is not known. 
Whether saprospiras are phototactic or chemotactic is also not 
known. 


Within the past few years the biological knowledge of Sap- 
rospira, and perhaps of other flexibacteria too, has taken on a 
new twist since the discovery that these microbes are not merely 
saprophytes, but that some, at least, are in effect predatory. 
Certain strains of marine and freshwater Saprospira spp., like 
other flexibacteria, produce extracellular toxins that can kill 
diatoms, cyanobacteria, and other microbes, from which essen- 
tal nutrients (including predominantly amino-acids; Lewin, 
1972) can be absorbed (Ashton and Robarts, 1987; Sakata 
et al., 1991; Sangkhobol and Skerman, 1981). Some can even 
catch prey organisms, by a process called ixotrophy, before kill- 
ing and digesting them (Lewin, 1997). Their slime, normally 
used in some way for their gliding motion, serves as a kind of 
adhesive "fly paper" with a specific affinity for the flagella of 
prey bacteria, notably some strains of Vibrio. When these unfor- 
tunate microbes are caught, they can be moved to and fro on 
the Saprospira surface until eventually killed by exotoxins and 
subjected to enzymic activity, whereby nutrients are liberated to 
supplement solutes in the medium. 

Saprospiras require some or all of the so-called “essential” 
amino acids that animals do, and presumably for the same 
reason. It is unnecessary to biosynthesize essential molecules 
when one can obtain them ready-made by digesting food pro- 
teins. Many saprospiras are even more like animals, living by 
predation on other microbes, including diatoms and dinofla- 
gellates as well as bacteria. In some, the mucilage tracks that 
they employ for motility have been pre-adapted to be sticky and 
thereby to catch bacterial prey, notably species of Vibrio, by their 
flagella (Lewin, 1997). Then an ixotrophic saprospira can kill 
the prey by extracellular toxins and digest them by extracellular 
enzymes, thereby liberating the amino acids that are needed for 
growth. The natures of the sticky mucilage, and of those toxins 
and enzymes, need to be further studied. 
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The first marine lytic bacteriophage was found in a sapros- 
pira (Lewin et al., 1964), but not all saprospiras succumb to 
it. Some saprospiras, perhaps all, contain rhapidosomes, which 
look like long bacteriophage tails (Reichle and Lewin, 1968). 
These are hollow cylinders with protruding central axes, and 
are liberated in large numbers when the saprospira cells lyse. 
Their origin and functions are unknown. 


Enrichment, isolation, and maintenance procedures * 


Gross (1911) originally enriched Saprospira grandis and “Sapros- 
pira nana” by filling large dishes with bottom sand and seawater 
from the Mediterranean and floating cover glasses on the water 
surface. Overnight, the saprospiras attached themselves firmly 
to the glass surface. R.A. Lewin (personal communication) col- 
lected them on glass slides immersed at a depth of 1000 m off 
the coast of California. Other specific enrichment techniques 
for Saprospira species are not known. To isolate these organ- 
isms, samples from bottom sediments from the seacoast, rivers, 
or lakes are placed as streaks or spots on the surface of dry 
low-nutrient agar plates, e.g., seawater agar, perhaps with 0.1% 
NH,CI and 0.002% sodium acetate or with 0.03% casein pep- 
tone and 0.01% yeast extract. Corresponding media may be 
used for freshwater species. The crude cultures are incubated 
at room temperature or 30°C and checked under a dissecting 
microscope from time to time for spreading colonies. Sapros- 
pira colonies may easily be recognized by their stripes. Sapros- 
pira grandis grows in a very wide temperature range, and it may 
be favorable to incubate the plates at 6°C. The desired organ- 
ism grows still reasonably well at this temperature, while the 
development of contaminants is much restricted. Transfers are 
made from the crude cultures to increasingly rich media, and 
finally pure cultures may be obtained by plating of cell suspen- 
sions. By that time, other gliding bacteria and agar liquefiers 
(a serious problem with marine samples) should be eliminated, 
for otherwise well-separated colonies are not easily obtained. 
More details about isolation procedures and composition of 
suitable media may be found in Lewin (1962, 1965b) and in 
Reichenbach and Dworkin (1981). 

Cultures of Saprospira grandis die within a few days (30°C) 
or weeks (at room temperature). Saprospira grandis, " Saprospira 
toviformis" (Lewin and Mandel, 1970), and some strains of “Sap- 
rospira thermalis” (Lewin, 1965a) could be preserved in liquid 
nitrogen for 1 year; in most cases, addition of 10% glycerol has 
been essential; “Saprospira flammula” (Lewin, 1965a) and “Sapros- 
pira albida" (Lewin, 1962) did not survive (Sanfilippo and Lewin, 
1970). Saprospira grandis strain Sa gl [ATCC 49590, DSM 2844] 
survives for at least 2 years when stored at —80°C in peptone- 
yeast extract medium (e.g., SP5 liquid medium) (Reichenbach 
and Dworkin, 1981). The same strain did not survive drying in 
skim milk. 


Differentiation of the genus Saprospira from other genera 


Helical multicellular filaments and gliding motility distinguish 
Saprospira from all other genera.t Should uncoiled, nonmotile 


*Taken from Reichenbach (1989). 

"The genus Aureispira is similar to Saprospira but exhibits differences in trypsin 
activity, acid phosphatase activity, naphthol-AS-BI-phosphohydrolase activity, and 
also large differences in cellular fatty acid composition (Hosoya et al., 2006). 
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strains, as observed in culture, also occur in nature, they would 
not be recognizable as saprospiras. Straight but gliding fila- 
ments from marine habitats, classified as Microscilla marina, are 
perhaps identical with Saprospira grandis (Lewin, 1962). From 
pure cultures of Saprospira grandis, stable variants have also been 
isolated that no longer form filaments but grow as 1—4-celled 
segments (Lewin, 1962).* 


Taxonomic comments 


The problems involved in the taxonomy of Saprospira are like 
those now facing us for almost all microbes and many other 
kinds of organisms. We have somehow to resolve disagree- 
ments between classifications based solely on visual, biochemi- 
cal, and physiological characters and those based essentially 
on molecular biology (MB) data. Since we as humans are 
primarily seeing organisms, we have no difficulty in recogniz- 
ing a giraffe and assigning it to a genus. So when we look down 
a microscope and see helical bacteria, we naturally would like 
to assign them in the same way to named genera. However, 
whereas the shapes and sizes of giraffes are controlled by many 
thousands of genes, and their generations are many years long, 
those of microbes, with generations some ten orders of mag- 
nitude shorter, are controlled by only a handful of genes, and 
even these tend to be mutable. Natural selection may induce 
a filamentous bacterium to mutate and persist as a helix; con- 
versely, a helical bacterium in culture may straighten sponta- 
neously. Then what price is helicity as a key determinant for 
Saprospira? The same arguments might apply to considerations 
of gliding ability (Reichenbach et al., 1986). Furthermore, on 
the basis of present MB data, different Saprospiralike microbes 
may exhibit affinities with microbes from other diverse genera, 
indicative of considerable phylogenetic diversity within the 
named genus. 

Although we cannot reconcile visual and MB classifications, 
we can at least make some workable arrangements. We must, if 
we need to name things. If we have to depend solely on what we 
can see under the microscope, then the broad generic name, 
Saprospira, is all we can use. But when objective MB data indi- 
cate otherwise, I think we will have to reassign — and rename 
— the diverse groups accordingly. 

Following a proposition of Lewin (1962), nonphototrophic, 
helical, multicellular, filamentous bacteria with gliding motil- 
ity were classified in the genus Saprospira. The genus had been 
defined earlier by Gross (1911), and his Saprospira grandis is 
very probably identical with Lewin's strains. Only the “spore” 
formation described by Gross and included in the species 
definition of Saprospira grandis has not been observed again 
and had to be discarded from the description. The present 
taxa are based, of course, on Lewin"s more recent and more 
detailed investigations and his neotype strain. Lewin later 
described several other species, viz., “Saprospira thermalis” 
(freshwater; Lewin, 1965a), “Saprospira flammula” (freshwa- 
ter; Lewin, 1965a) and “Saprospira toviformis” (marine; Lewin 
and Mandel, 1970), and revived another old species, “Spir- 
ulina albida" Kolkwitz (1909), as “Saprospira albida" (freshwater; 


‘Further details and differential characteristics of seven putative Saprospira spp. 
are summarized in a table in Reichenbach (1989). 
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Lewin, 1962). Although the assumption is supported by 
correspondences in several morphological and physiological 
characteristics, it was not certain whether all these organisms 
are really related to one another, as no molecular taxonomic 
data were available. The mol% G+C range of 35-48 would 
at least not rule out a relatively close relationship. Unfortu- 
nately, except for Saprospira grandis, the type strains of all spe- 
cies have been lost, so that these species were not included in 
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the Approved Lists of Bacterial Names. However, the organ- 
isms have been fairly well characterized, and there is no doubt 
that they really exist; their characteristics are given in detail 
by Reichenbach (1989) .** 
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List of species of the genus Saprospira 


1. Saprospira grandis Gross 1911, 202, emend. Lewin 1962, 
560^ 
gran'dis. L. fem. adj. grandis large. 

The description is that given by Reichenbach (1989). 
Helical flexible filaments of constant width, 0.8-0.9 (to 1.2) 
um depending on the strain, but variable in length; usually 
shorter in plate cultures (15-130 um) than in liquid media 
(20-500 um). The pitch and width of the screws may vary 
considerably even in one (the same) culture. The filaments 
may even uncoil entirely during culture. Stable variants have 
also been reported that grow as single cells or 2—4-celled seg- 
ments (Lewin, 1962). The filaments are composed of cylin- 
drical cells, 1-5.5 um long depending on the strain and the 
culture; within one filament the longest cells are twice as 
long as the shortest ones. The cross-walls may be difficult to 
distinguish in young cultures but become well recognizable 
in old and drying filaments. End cells of the filaments are 
rounded (see photomicrographs in Reichenbach (1989). 

Colonies on poor media are thin and spreading and remain 
relatively small, often with a pattern of parallel fine stripes 
(Figure 60). Colonies on rich media are round, convex, 


thick, and slimy, relatively small, and deep orange to red 
(Figures 61 and 62). In liquid media, Saprospira grandis grows 
in homogeneous suspension; upon shaking, the cultures 
show a silky appearance. In peptone-yeast extract medium, 
the generation time is 2—2.8 h (at 30°C) (Lewin, 1962, 1972). 
The cell mass is orange to red, due to carotenoids, mainly 
saproxanthin (Aasen and Liaaen-Jensen, 1966). 

Grows on peptones, Casamino acids and defined amino 
acid mixtures; in addition, unknown growth factors, e.g., 
with yeast extract, have to be supplied. Glucose, galactose, 
sucrose, and acetate are growth stimulatory for some strains. 
Gelatin is liquefied. Starch, agar, alginate, and carboxym- 
ethylcellulose are not decomposed. In litmus milk, coagu- 
lation occurs, but acid is not produced, the curd is usually 
not digested, and litmus is not reduced. Tyrosine is degraded 
to colored products. H,S is not produced from cysteine- 
containing media. Nitrate is not reduced to nitrite. Catalase- 
negative. Strictly aerobic. 

DNA G+C content (mol % ): 46-48 (Bd, T). 

Type strain: ATCC 23119, JCM 21750, LMG 10407. 

Sequence accession no. (16S rRNA gene): M58795. 


Genus Il. Aureispira Hosoya, Arunpairojana, Suwannachart, Kanjana-Opas and Yokota 2006, 2933" emend. Hosoya, 
Arunpairojana, Suwannachart, Kanjana-Opas and Yokota 2006, 1950"? 


THE EprroniaL BoARD 


Au.re.i.spi'ra. L. adj. aureus golden; L. fem. n. spira a spiral; N.L. fem. n. Aureispira golden spiral. 


Cells are 0.8-1.2 x 1.5-2.5 um, forming flexible, unbranched, 
helical filaments up to 100 um long. Helix width is 1.5-2.0 um; 
helix pitch is 4-9 um. Motile by gliding. Gram-stain-negative. 
Colonies are yellow or yellowish-orange. Chemo-organotrophic. 
Aerobic. Seawater is required for growth. Positive for alkaline 
phosphatase and acid phosphatase. Oxidase and catalase are 
variable. The predominant fatty acid is C,,, 6c (arachidonic 
acid); other characteristic fatty acids are C,,, and C; iso. The 
respiratory quinone is MK-7. 

DNA G+C content (mol% ): 38-39. 

Type species: Aureispira marina Hosoya, Arunpairojana, 
Suwannachart, Kanjana-Opas and Yokota 2006, 29335. 


16:0 


Further descriptive information 


The genus belongs to the family Saprospiraceae in the phylum 
Bacteroidetes. 


Until recently, the genus Saprospirawas thought to be the only 
validly published genus of helical, nonphototrophic, gliding 
bacteria. However, Hosoya et al. (2006) isolated three gliding 
bacterial strains of helical bacteria from marine sponges and 
algae in Thailand and showed that these organisms represented 
a new genus distinct from Saprospira. 


Enrichment and isolation procedures 


Isolation can be achieved on SWG medium, consisting of seawa- 
ter (filtered to remove large particles), 0.1% sodium glutamate, 


*Modified from Reichenbach (1989). 

*On the basis of analysis of 16S rRNA gene sequences, Sly et al. (1998) reported 
that Saprospira grandis is closely related to the Haliscomenobacter (Sly et al., 1998). 
Hosoya et al. (2006) reported that Saprospira grandis was related to Haliscomenobacter 
and Lewinella, and also found it closely related to their new genus Aureispira. Thus, 
the family Saprospiraceae would presently contain four genera - Saprospira, Haliscom- 
enobacter, Lewinella, and Aureispira. 
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FIGURE 60. Saprospira grandis striped colonies. (a) Spreading colony, 
survey picture. The gliding filaments preferentially follow scratches in 
the agar surface produced by the inoculation loop. Oblique illumina- 
tion. Bar = 250 um. (b) Central part of a large colony. Brightfield illumi- 
nation. Bar = 125 um. (c) At high magnification the strict alignment of 
the filaments becomes recognizable. Phase-contrast. Bar = 25 um. 


FAMILY III. SAPROSPIRACEAE 


a? 


FIGURE 61. Saprospira grandis compact colonies on agar medium 
with “high” peptone content (0.1% peptone from casein + 0.02% yeast 
extract). Plating of an enrichment culture with Saprospira grandis (small 
smooth colonies) and a spirillum (large colonies with concentric rings). 
Bar = 1200 um. 


FIGURE 62. Saprospira grandis spreading colony on agar medium with 
“low” peptone content (0.03% peptone from casein + 0.01% yeast 
extract). Enrichment culture; the round dark colonies are contami- 
nants. Bar = 1200 um. 


and 1.5% agar; pH 7.2. A drop from undiluted samples col- 
lected from marine sponges, algae, and coastal woody materials 
are allowed to flow in a narrow band (slightly off-center) across 
the surface of each agar plate. After drying the agar surface by 
incubating at 22°C for 10 min, the plates are incubated 25°C 
for 3-4 d and then examined by low-power phase microscopy to 
observe microcolony development. Purification of the gliding 
bacteria is performed using the micromanipulation technique 
of Skerman (1968) as described by Sly and Arunpairojana 
(1987). 

Strains can be cultured and maintained on Sap2 medium, 
which has the following composition (g/l): tryptone, 1.0; 
yeast extract, 1.0; agar, 15.0. The ingredients are dissolved 
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in 0.5x artificial seawater, having the following composition 
(g/l distilled water): NaCl, 15; KCl, 0.35; MgCl,-6H,O, 5.4; 
MgSO, -7H,O, 2.7; CaCl,-2H,O, 0.5. 


Differentiation of the genus Aureispira 
from other genera 


Aureispira marina and Saprospira grandis are similar in many 
ways, but unlike Saprospira grandis, Aureispira marina is negative 
for trypsin, positive for acid phosphatase and naphthol-AS-BI- 
phosphohydrolase, has yellowish-orange colonies instead of 
reddish orange, and has a mol% G+C of 38-39 instead of 49.8. 
In addition, Auriespira marina contains C,,, @6c (arachidonic 
acid), whereas Saprospira grandis does not. 
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Taxonomic comments 


Analysis of 16S rDNA sequences of the type strain of Aureispira 
marina indicated a similarity value of 86% similarity to the type 
strain of Saprospira grandis and 78-80% to the type strains of Lewi- 
nella cohaerens and Haliscomenobacter hydrossis (Hosoya et al., 2006). 

A second species, Aureispira maritima, was added by Hosoya 
etal. (2007). The DNA-DNA relatedness between the type strain 
of Aureispira marina and that of Aureispira maritima was less than 
5%. Aureispira maritima can be differentiated from Aureispira 
marina by lacking C4 esterase; by producing valine arylamidase, 
cystine arylamidase, and trypsin; by degrading carboxymethyl- 
cellulose and DNA; and by having a slightly lower mol% G+C 
content (38.7 vs. 39.4). 


List of species of the genus Aureispira 


1. Aureispira marina Hosoya, Arunpairojana, Suwannachart, 
Kanjana-Opas and Yokota 2006, 2933? 


ma.ri'na. L. fem. adj. marina of or belonging to the sea, 
marine. 


The characteristics are as given for the genus, with the 
following additional features. Optimal growth tempera- 
ture, 25-30°C; no growth occurs at 8 or 37°C. pH range 
for growth, 6.0-8.0. Colonies are yellowish-orange. Growth 
occurs in artificial seawater ranging from 0.2 to 1.5x full- 
strength. The following tests are positive: esterase (C4); 
esterase lipase (C8); leucine arylamidase; naphthol-AS- 
BI-phosphohydrolase; degradation of casein, gelatin, and 
Tweens 20, 40, 60, and 80, and degradation of tyrosine to 
colored products. The following tests are negative: nitrate 
reduction; production of acetoin, H,S, and indole; hydro- 
lysis of agar, alginate, carboxymethylcellulose, citrate, DNA, 
and starch; lipase (C4); valine arylamidase; cystine arylami- 
dase; trypsin; chymotrypsin; a-galactosidase; D-galactosidase; 
B-glucuronidase; o-glucosidase; [-glucosidase; N-acetyl-B-glu- 
cosamidase; o-mannosidase; o-fucosidase; acid production 
from arabinose, cellobiose, dulcitol, fructose, galactose, glu- 
cose, glycerol, inositol, lactose, maltose, mannitol, mannose, 
raffinose, rhamnose, sorbitol, sucrose, trehalose, and xylose. 

Habitat: marine plant debris, marine sponges, and marine 
algae. 

DNA G+C content (mol % ): 38-39 (HPLC). 

Type strain: 24, IAM 15389, JCM 23197, TISTR 1719. 

Sequence accession no. (16S rRNA gene): AB245933 


2. Aureispira maritima Hosoya, Arunpairojana, Suwannachart, 
Kanjana-Opas and Yokota 2006, 1950” 


ma.ri'ti.ma. L. fem. adj. maritima of the sea, marine, inhabit- 
ing marine environments. 


The characteristics are as given for the genus, with the fol- 
lowing additional features. Cells are 0.7-0.8 x 3-6 um. The 
cells are helices 1.5-2.0 um x 20-90 um, with a wavelength 
of 4—5 um. Optimal growth temperature, 30°C; no growth at 
17 or 37°C. pH range for growth, 6.0-8.0. Growth occurs at 
seawater concentrations of 20-150% (w/v). Colonies are yel- 
low. Flexirubin pigments are not detected. The following tests 
are positive: esterase lipase (C8), leucine arylamidase, valine 
arylamidase, cystine arylamidase, trypsin, and naphthol-AS- 
BI-phosphohydrolase, and for the degradation of casein, car- 
boxymethylcellulose, DNA, gelatin, and Tweens 20, 40, 60 and 
80. Tyrosine is degraded. Agar, alginate, citrate and starch are 
not attacked. Nitrate is not reduced. The following tests are 
negative: acetoin, H,S and indole production; esterase (C4), 
lipase (C4), chymotrypsin, o-galactosidase, f-galactosidase, 
P-glucuronidase, o-glucosidase, p-glucosidase, N-acetyl-B-glu- 
cosamidase, o-mannosidase, and o-fucosidase; acid production 
from arabinose, cellobiose, dulcitol, fructose, galactose, glu- 
cose, glycerol, inositol, lactose, maltose, mannitol, mannose, 
raffinose, rhamnose, sorbitol, sucrose, trehalose, and xylose. 

Habitat: marine barnacle debris. 

DNA G+C content (mol 96): 38.7 (HPLC). 

Type strain: 59SA, IAM 15439, TISTR 1726. 

Sequence accession no. (16S rRNA gene): AB278130. 


Genus III. Haliscomenobacter van Veen, van der Kooy, Geuze and van der Vlies 1973, 2134 
(Streptothrix Cohn 1875, 186, sensu Mulder and Van Veen 1974, 133) 


PETER KAMPFER* 


Ha.lis.co.me.no.bac'ter. Gr. v. haliskomai to fall into the hands of the enemy, to be imprisoned; N.L. masc. n. 
bacter a rod or staff; N.L. masc. n. Haliscomenobacter imprisoned rod. 


Thin rods, 0.4-0.5 x 3-5 um, usually in chains, enclosed by 
a narrow, hardly visible hyaline sheath. No ferric or manganic 
oxides have been detected so far as depositions in or on the 
sheaths. Sometimes branching of the filaments incidentally 
occurs in stationary cultures. The branching cells disrupt the 
sheath and form a new sheath outside the envelope. Com- 


pared with the main filaments, the lateral branches are short. 
Cells outside the sheaths are rarely visible; no flagellation or 
motility has been observed. Gram-stain-negative. Aerobic, hav- 
ing a strictly respiratory type of metabolism with oxygen as the 


*Updated from Mulder (1989). 
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terminal electron acceptor. Temperature range: 8-30°C; opti- 
mum: 25-28*C. Growth is much faster at pH 7.5 than at pH 6.4. 


Chemo-organotrophic. Only a few alcohols, organic acids, 
and sugars are used as sources of carbon and energy. Glu- 
cose, fructose, and starch are used as sources of carbon and 
energy; acetate, lactate, succinate, B-hydroxybutyrate, glyc- 
erol, sorbitol, and many other carbon sources are not utilized. 
Haliscomenobacter strains do not grow in the presence of high 
concentrations of yeast extract and peptone. 

Ammonium salts and nitrates may serve as nitrogen source 
in the presence of vitamin B,, or methionine. Although, pep- 
tone, Casamino acids, and mixtures of aspartic and glutamic 
acids, and vitamin Bi or methionine give better results, high 
concentrations of yeast extract and peptone inhibit growth. A 
strict requirement for calcium, and (to some extent) magne- 
sium is reported. Below a concentration of 20 mg/l Ca and 5 
mg/l Mg, only a few strains were able to show visible growth. 
Inorganic nitrogen compounds (nitrate, ammonium salts) are 
moderately good nitrogen sources; amino acids and peptone 
give better results. 


Colonies. on poor agar media are hardly visible macro- 
scopically; they are filamentous and <0.5 mm in diameter. On a 
sucrose-peptone-yeast extract medium enriched with vitamin B,, 
and thiamine, and GMBN agar, pinkish, smooth, slightly filamen- 
tous colonies of 1-3 mm in diameter develop. Liquid cultures 
turn pink, owing to the formation of carotenoid pigments. 

DNA G+C content (mol % ): 49. 

Type species: Haliscomenobacter hydrossis van Veen, van der 
Kooy, Geuze and van der Vlies 1973, 2134. 


98 
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Further descriptive information 


On the basis of oligonucleotide cataloging, Haliscomenobacter was 
placed into the Cytophaga—Flavobacterium group, and in recent 
studies on 16S rRNA sequence analysis Haliscomenobacter hydros- 
sis was grouped into the Saprospira group (Figure 63), which 
contains Saprospira grandis, and the Lewinella species as closest 
relatives (Gherna and Woese, 1992; Sly et al., 1998). 

A detailed chemotaxonomic study (Kampfer, 1995) revealed 
that the major menaquinone of Haliscomenobacter was type MK-7 
(70-90%). The menaquinone MK-6 was also present, but only in 
minor amounts (10-30%). Fatty acid profiles showed four major 
fatty acids, listed in descending order: 20-41% 13-methyltetrade- 
canoic acid (C,., iso), 7-22% cis9 hexadecenoic acid (C.a); 
4-11% hexadecanoic acid (C,,,.), and 4-7% octadecanoic acid 
(Ciso). The type strain of Haliscomenobacter hydrossis DSM 1100" 
contained high amounts of the hydroxylated fatty acids C,., iso 
3-OH and C, iso 2-OH in addition to minor amounts of C,- 
iso 3-OH. Hamana and Nakagawa (2001) reported spermidine 
as the major cellular polyamine in Haliscomenobacter. 

A comprehensive study on physiological tests of ten strains of 
Haliscomenobacter showed very similar profiles. All strains were 
able to grow with D-fructose, D-glucose, and starch as sole carbon 
source in GMBN basal medium. The chromogenic substrates 
pNP-Macetyl-B-p-glucosaminide, pNP-p-p-glucopyranoside, 
pNP-phosphate (pH 7.0), pNP-phosphate (pH 8.2), r-alanine- 
pNA, L-arginine-pNA, glycine-pNA, and r-lysine-pNA (pNP para- 
nitrophenyl; pNA para-nitroanilide) were hydrolyzed by all strains. 
Most of the physiological tests gave negative results. Very little 
data on the physiology of Haliscomenobacter has been published 
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FIGURE 63. Phylogenetic analysis of Lewinella and related organisms based on 16S rRNA gene sequences avail- 
able from the EMBL database (accession numbers are given in parentheses) constructed after multiple alignments 
of data. Distances (distance options according to the Kimura-2 model) and clustering with the neighborjoining 
method was performed using the software package MEGA (Molecular Evolutionary Genetics Analysis) version 2.1. 
Bootstrap values based on 1000 replications are listed as percentages at the branching points. Bar = 0.1 nucleotide 


substitutions per nucleotide position. 
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until now (Krul, 1977; Mulder, 1989; Mulder and Deinema, 1981; 
van Veen et al., 1973; Ziegler et al., 1990). Krul (1977) reported 
that D-glucose together with some components from trypticase 
soy broth could be useful as energy sources. Mulder and Deinema 
(1981) reported that D-glucose but not glycerol and lactate can 
be used as carbon sources, which is in accordance with the study 
of Kampfer (1995). In contrast, Krul (1977) reported sucrose uti- 
lization, but this could not be confirmed by Kampfer (1995). In 
addition, Mulder (1989) listed glucosamine and lactose, and to a 
lesser extent mannitol, as carbon and energy sources. The utiliza- 
tion of lactose and p-mannitol was not observed for any isolate 
by Kampfer (1995). As already mentioned above, isolates of the 
genus Haliscomenobacter are difficult to cultivate. A detailed study 
on the nutritional requirements of these isolates showed that 
D-glucose and D-fructose were good substrates for the cultivation 
of Haliscomenobacter (Kàmpfer et al., 1995). In addition, the pres- 
ence of calcium, magnesium, and phosphate in the media was 
required for growth of all isolates, and high ammonia concen- 
trations (22 g/1) inhibited their growth. Furthermore, Haliscom- 
enobacler preferred a distinct range of phosphorus concentration 
(0.05—0.2 g/1), and a very low concentration of yeast extract and 
peptone (Kampfer et al., 1995). 

Since isolation and cultivation of these organisms is difficult 
and time consuming, the use of specific 16S rRNA targeted 
oligonucleotide probes as reported earlier (Kämpfer, 1997; 
Schauer and Hahn, 2005; Wagner et al., 1994) can be very use- 
ful for in situ detection and identification of Haliscomenobacter. 

Haliscomenobacter hydrossis is often found in activated sludge. 
It is one of those filamentous bacteria that sometimes occur in 
large numbers in sludge (Eikelboom, 1975; Fourest et al., 2004; 
Pernelle et al., 2001; Schauer and Hahn, 2005). They make 
the sludge flocs voluminous, while many trichomes, like tiny 
straight needles, protrude into the surrounding water. Both 
phenomena are responsible for the slow settling of the flocs 
(bulking). There are only a few indications that the organism 
occurs in large masses in certain sludges. Pernelle et al. (2001) 
and Gaval and Pernelle (2003) reported a clear stimulation of 
growth of Haliscomenobacter hydrossis along with high amounts 
of easily assimilable substrates and oxygen deficiency. Halis- 
comenobacter hydrossis is not able to store polyhydroxyalkanoate 
under these conditions (Dionisi et al., 2002). 

Under laboratory conditions, Haliscomenobacter hydrossis grows 
slowly. van Veen et al. (1982) reported maximum specific growth 
rates in continuous culture of approximately 0.05/h and 0.09/h 
for two different strains, corresponding to minimum doubling 
times of 14 and 9 h, respectively. These values are below those 
of most known bacteria occurring in wastewater and activated 
sludge (van Veen et al., 1982). The maintenance coefficients of 
these strains were low, 20 and 21 mg of glucose/g biomass/h, 
respectively. These values are far below those of most known bac- 
teria and may contribute to the competitive ability of the organ- 
isms. The maximum yield coefficients (Y,) found are 0.59 and 
0.42 g of biomass/g of glucose, respectively. These observations 
were confirmed by Kampfer et al. (1995), who found different 
carbon sources, nutrient addition, and inorganic growth factors 
significantly affected the growth of Haliscomenobacter hydrossis. 


Enrichment and isolation procedures 


Most often, bulking activated sludge, which upon microscopic 
examination is found to contain large masses of typical Halis- 
comenobacter filaments Figure 64, can be used as enrichment 
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material. The following isolation procedure was recommended 
by Mulder and Deinema (1981). A sample of 0.1-0.5 ml of 
sludge is pipetted into tubes containing 10 ml of sterile tap 
water. The contents of the tubes are stirred for several minutes 
using a tube mixer, whereupon the flocs are allowed to settle. 
During moderate agitation of the floc suspensions, fragments of 
the threads are severed from the protruding filaments and will 
be seen in the supernatant. If upon microscopic observation 
insufficient amounts of separate filaments and free cells are 
present, the whole procedure is repeated. After settling of the 
flocs, a small amount of the supernatant is directly streaked on 
previously dried agar plates of the following composition (per 
liter of distilled water): glucose, 150 mg; (NH,),SO,, 50 mg; 
Ca(NO,),, 10 mg; K,HPO,, 50 mg; MgSO,-7H,O, 50 mg; KCl, 
50 mg; CaCO,, 100 mg; FeCl,-6H,O, 5 mg; MnSO,-H,O, 2.5 mg; 
CuSO,:5H,O, 0.1 mg; ZnSO,-7H,O, 0.1 mg; Na,MoO,-2H,O, 
0.05 mg; CoCl,-6H,O, 0.05 mg; thiamine, 0.4 mg; vitamin B,,, 
0.01 mg; agar (Oxoid), 10 g. After incubation for some weeks at 
17-20*C, small filamentous colonies may develop that are diffi- 
cult to recognize, even when viewed under a stereomicroscope. 
Low magnification (x150) phase-contrast microscopy facilitates 
detection. Sterile capillary tubes are used to transfer cells to 
agar plates of the following composition (in grams per liter 
of distilled water) (S.C. Y. agar): sucrose, 1.0; casitone (Difco), 
0.75; yeast extract (Difco), 0.25; trypticase soy broth without 
glucose (BBL), 0.25; thiamine, 4 x 105; vitamin B,,, 10°; agar 
(Oxoid), 10. Ziegler et al. (1990) investigated several addi- 
tional isolation methods for filamentous bacteria and recov- 
ered most of the Haliscomenobacter isolates after a 1:10 dilution 
of the sample with MSV (Williams and Unz, 1985) and subse- 
quent washing and centrifugation at 200 g for 5 min. [medium 


FIGURE 64.  Haliscomenobacter hydrossis flocculent growth of pure cul- 
ture showing many needle-like filaments. Phase-contrast micrograph; 
magnification x1528. (Reproduced with permission from Mulder and 
Deinema 1981.) 
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TABLE 85. Characteristics that differentiate the genus Haliscomenobacter from Saprospira grandis and the genus 
Lewinella^^ 
Characteristic Haliscomenobacter S. grandis Lewinella 
Length of cells (um) 3-5 1-5.5 2-3 
Diameter of filaments (um) 0.4-0.5 0.8-1.2 0.5-1.5 
Length of filaments (um) 10-300 6-500 5-150 
Gliding motility = = + 
Seawater as source of essential growth factors = + + 
Starch degraded + = = 
Predominant cellular polyamine Spermidine Agmatine Spermidine 
Color of cell mass Pink Orange-red Orange-yellow 
DNA G+C content (mol%) 49 46-48 45-53 
Habitat Wastewater, sewage Marine Marine 


“Symbols: +, 90% or more of strains are positive; — 90% or more of strains are negative. 
"Data from Hamana and Nakagawa (2001), Reichenbach (1989), and Sly et al. (1998). 


(van Veen et al., 1973) and GMBN medium (Kampfer, 1995) 
were recommended for initial isolation. 


Maintenance procedures 


Stock cultures on the previously described S.C.Y. agar slopes, 
with 3 ml of sterile tap water added on the surface of the agar, 
are inoculated and kept at 20-25*C until turbid growth in the 
liquid layer. The organism remains viable during 3 months 


storage at 4^C and can be preserved for longer periods by 
common lyophilization techniques. 


Differentiation of the genus Haliscomenobacter 
from other genera 


A number of characteristics, summarized in Table 85, differen- 
tiate the genus Haliscomenobacterfrom the phylogenetically most 
closely related species Saprospira grandis and genus Lewinella. 


List of species of the genus Haliscomenobacter 


1. Haliscomenobacter hydrossis van Veen, van der Kooy, Geuze 
and van der Vlies 1973, 213^ (Streptothrix hyalina Migula 
1895, 38, sensu Mulder and Van Veen 1974, 133) 


hy.dross'is. Gr. n. hudór water; Oss town in the Netherlands; 
N.L. gen. n. hydrossis from water of Oss. 


Most of the characteristics are the same as those given for 
the genus. Electron micrographs revealing details of cell struc- 
ture (e.g., Figure 65) have been presented by Deinema et al. 
(1977). Polysaccharides, not poly-B-hydroxybutyrate, serve as 
the reserve material of this organism. Extensive continuous- 
culture experiments have been carried out with Haliscom- 
enobacter hydrossis growing in a complex medium (trypticase 
soy, yeast extract, and glucose) at different dilution rates 
(Krul, 1977). Owing to the pronounced proteolytic activity 


of the organism, complex nitrogen compounds were readily 
degraded. Amino acids from these compounds were used as 
both nitrogen and energy sources in the presence of glucose. 
Of these amino acids, glutamic acid, glycine, methionine, 
tryptophan, lysine, and arginine were relatively easily taken 
up. The remaining amino acids accumulated in the free state 
at relatively high dilution rates, apparently owing to suppres- 
sion of this uptake by glucose. At dilution rates below 0.015/h, 
all the amino acids were taken up more or less completely. 
In addition to these details from continuous culture experi- 
ments, more details on the physiological properties can be 
obtained from Kàmpfer (1995) and Kàmpfer et al. (1995). 

DNA G+C content (mol96): 49 (T). 

Type strain: ATCC 27775, DSM 1100, LMG 10767. 

Sequence accession no. (16S rRNA gene): M58790. 


Genus IV. Lewinella Sly, Taghavi and Fegan 1998, 735%" 


Linpsay |. Sty AND Mark FEGAN 


Le.win.el'la. L. fem. dim. ending -ella; N.L. fem. dim. n. Lewinella named after Ralph Lewin, who first isolated 


these organisms. 


Unbranched, flexible rods or filaments 0.5-1.5 x 5-150 um or 
longer (up to several mm) consisting of individual cells 2-3 um 
long. Ensheathed, although sheaths may be difficult to visualize. 
Filament breakage or cell lysis results in empty ends or spaces 
(necridia). Resting stages not known. Motile by gliding. Gram- 
stain-negative. Produce orange or yellow carotenoid pigments. 
Chemo-organotrophic. Aerobic, having a respiratory type of 
metabolism with oxygen as the terminal electron acceptor. Gel- 
atin is hydrolyzed but not cellulose, chitin, or starch. Seawater 
is required for growth. Isolated from marine environments. 


DNA G+C content (mol 96): 44.9-53.1. 
Type species: Lewinella cohaerens (Lewin 1970) Sly, Taghavi and 
Fegan 1998, 735V* (Herpetosiphon cohaerens Lewin 1970, 518^). 


Further descriptive information 


The species assigned to the genus Lewinella have not been stud- 
ied extensively since their description by Lewin (1970). The 
descriptions below are based on data and taxonomic consid- 
erations from Mandel and Lewin (1969), Lewin (1970), Holt 
(1989), Reichenbach (1992), Sly et al. (1998), and Hamana and 
Nakagawa (2001). 


GENUS IV. LEWINELLA 


FIGURE 65. Haliscomenobacter hydrossis branched filament with thin 
hyaline sheath. Electron micrograph. Bar = 1 um. (Reproduced with 
permission from Mulder and Deinema 1981.) 


Enrichment and isolation procedures 


According to Holt (1989), seawater agar (1.0-1.5% agar) without 
added nutrients can often be used. Sample material from a natu- 
ral marine habitat is placed in the center or in a single streak on 
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the plate. Lewinella organisms will glide away from the point of 
inoculation and form a characteristic rough, swirled swarm. Isola- 
tion can be achieved by selecting material from the leading edge 
of the swarm while viewing under low power magnification. 


Differentiation of the genus Lewinella from other genera 


The characteristics which differentiate Lewinella from other 
members of the family Saprospiraceae are listed in the introduc- 
tion to the family Table 84. The most important features are 
flexible but non-helical, sheathed, unbranched filaments with 
gliding motility, requirement for seawater, inability to hydrolyze 
starch, and spermidine as the major polyamine. 


Taxonomic comments 


The species in this genus were originally assigned to the genus 
Herpetosiphon. However, analysis of 16S rRNA gene sequences 
from Herpetosiphon species indicated heterogeneity within that 
genus (Sly et al., 1998). The cluster of the three marine species 
of Herpetosiphon — Herpetosiphon cohaerens, Herpetosiphon nigricans, 
and Herpetosiphon persicus - exhibited affinities to Saprospira and 
Haliscomenobacter and was only distantly related to the type spe- 
cies of Herpetosiphon. Thus these three species were reassigned to 
a new genus, Lewinella, within the Saprospiraceae (Sly et al., 1998). 
Figure 66 shows the phylogenetic relationship of Lewinella species 
to other members of the family. The genus Lewinella forms a well- 
supported lineage with Saprospira grandis and Haliscomenobacter 
hydrossiswithin the Saprospiraceae. The 16S rRNA gene sequences of 
the three species have similarity values to one another of 86-88%, 
indicative of their separate species status (Sly et al., 1998). 
Editorial note: Since the acceptance of this treatment of Lewi- 
nella, four new species, Lewinella agarilytica (Lee, 2007), Lewinella 
antarctica (Oh et al., 2009), Lewinella lutea (Khan et al., 2007), and 
Lewinella marina (Khan et al., 2007) have been described, and the 
genus and other species descriptions emended (Khan et al., 2007). 
Readers are referred to these papers for further information. 


List of species of the genus Lewinella 


1. Lewinella cohaerens (Lewin 1970) Sly, Taghavi and Fegan 
1998, 735%” (Herpetosiphon cohaerens Lewin 1970, 518^) 


co.hae’rens. L. part. adj. cohaerens cohering, uniting together. 
p J 8 8 tog 


The characteristics are as given for the genus, with the fol- 
lowing additional features. Unbranched, flexible, sheathed 
rods or filaments 0.7 um in diameter (1.0 um including 
sheath) and 60-150 um or more in length. Cell masses have 
an orange pigment believed to be the carotenoid saproxan- 
thin. Growth is promoted by glucose and sucrose but not 
acetate, galactose, glycerol, or lactate. Nitrogen sources 
include tryptone and glutamate but not nitrate. Although no 
acid is produced in litmus milk, the milk is coagulated and 
the litmus is reduced. Tyrosine and dihydroxyphenylalanine 
are not degraded. Growth factors are not required. Seawater 
(one-half to double-strength) is required for growth. 

Habitat: beach sand at Biarritz, France. 

DNA G+C content (mol % ): 44.9 (Bd). 

Type strain: 1-2, ATCC 23123, NBRC 102661, NCIMB 12855. 

Sequence accession no. (16S rRNA gene): AF039292. 


2. Lewinella nigricans (Lewin 1970) Sly, Taghavi and Fegan 
1998, 736"* ( Herpetosiphon nigricans Lewin 1970, 518^-) 


ni'gri.cans. L. part. adj. nigricans blackening. 


Unbranched, flexible, sheathed rods or filaments 0.5 
um (1.0 um including sheath) and 5-50 um in length. Cell 
masses have a yellow pigment believed to be the carotenoid 
zeaxanthin. Glucose is a suitable carbon source. Growth is 
promoted by sucrose and galactose but not acetate, glycerol, 
or lactate. Nitrogen sources include Casamino acids, tryp- 
tone, glutamate, and nitrate. Although acid is not produced 
in litmus milk, the milk is coagulated and digested, and the 
litmus is reduced. Tyrosine is degraded with the formation 
of a pigmented product. Dihydroxyphenylalanine is not 
degraded. Growth factors are not required. Seawater (one- 
half to double-strength) is required for growth. 

Habitat: beach sand near Lagos, Nigeria. 

DNA G+C content (mol96): 53.1 (Bd). 

Type strain: SS-2, ATCC 23147, NBRC 102662, NCIMB 1420. 

Sequence accession no. (16S rRNA gene): AF039294. 


3. Lewinella persica (Lewin 1970) Sly, Taghavi and Fegan 1998, 
735%” ( Herpetosiphon persicus Lewin 1970, 518^») 


per'si.ca. L. fem. adj. persica Persian (of fruit = peach), i.e., 
peach-colored. 


Unbranched, flexible, sheathed rods or filaments 0.7 um 
(1.0 um including sheath) and 30-150 um or more in length. 


FAMILY Ill. SAPROSPIRACEAE 


Lewinella cohaerens, AF039292, ATCC23123" 
Lewinella nigricans, AF039294, ATCC23147" 
Lewinella persicus, AF039295, ATCC23167' 


Haliscomenobacter hydrossis, M58790, ATCC 27775! 


Saprospira grandis, M58795, ATCC 231197 
Chitinophaga pinensis, AF078775, ACM 2034" 


Chitinophaga sancti, M62795, ATCC 23092" 


100p Chitinophaga filiformis, AB078049, IFO 15056" 


Chitinophaga ginsengisoli, AB245374, Gsoil 052° 


Chitinophaga skermanii, DQ062743, CC-SG1 BT 


Chitinophaga arvensicola, AM237311, IFO 16041" 
Chitinophaga ginsengisegetis, AB264798, Gsoil 040° 


Chitinophaga japonensis, AB078055, IFO 160417 


"Chitinophaga soli", AB267723, Gsoil 21 gt 
“Chitinophaga terrae”, AB267724, Gsoil 238" 


Terrimonas ferruginea, M62798, IFO 14992" 
Terrimonas lutea, AB192292, DYT 


Cellulophaga fucicola, AJ005973, NN015860" 


Cellulophaga lytica, M62796, DSM 2039" 
Cellulophaga baltica, AJ005972, NN015840" 


Leeuwenhoekiella marinoflava, M58770, NCMB 397" 
Flavobacterium limicola, AB075230, ST-82" 
Flavobacterium aquatile, M62797, ATCC 11947" 


Flavobacterium columnare, AB023660, ATCC 49513 


Empedobacter brevis, M59052, ATCC 14234 


Bacteroides fragilis, M61006, ATCC 25285" 


Cytophaga aurantiaca, ARB_B5E694C4, ATCC 12208" 
Cytophaga hutchinsonii, M58768, ATCC 33406" 
Sporocytophaga myxococcoides, AJ310654, DSM 11118" 
Belliella baltica, AJ564642, BA134" 


Cyclobacterium marinum, M62788, ATCC 43824 


Chlorobium vibrioforme, M62791, ATCC 6030 


Rhodothermus marinus, X77140, R-10* 


Thermonema lapsum, L11703 
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FIGURE 66. Phylogenetic tree of 16S rRNA gene sequences constructed by the neighbor-joining method showing the relationships of the spe- 
cies of the genus Lewinella to other members of the Saprospiraceae. Bootstrap values are shown as percentages at the branch points. The scale bar 


represents 10 nucleotide substitutions per 100 nucleotides. 


Cell masses have an orange pigment believed to be the caro- 
tenoid saproxanthin. Glucose is a suitable carbon source. 
Growth is promoted by sucrose and galactose but not by 
acetate, glycerol, or lactate. Tryptone, glutamate, and nitrate 
serve as sole nitrogen sources. Although acid is not pro- 
duced in litmus milk, the milk is coagulated and the litmus 
is reduced. Tyrosine and dihydroxyphenylalanine are not 
degraded. No growth factors are required. Seawater (one- 
half to double-strength) is required for growth. 

Habitat: brown mud, Galway, Ireland. 

DNA G+C content (mol% ): 52.6 (Bd). 

Type strain: T-3, ATCC 23167, NBRC 102663, NCIMB 1396. 

Sequence accession no. (16S rRNA gene): AF039295. 


Further reading 


Eikelboom, D.H. 1975. Filamentous organisms observed in acti- 
vated sludge. Water Res. 9: 365-388. 

Kämpfer, P. 1995. Physiological and chemotaxonomic charac- 
terization of filamentous bacteria belonging to the genus 
Haliscomenobacter. Syst. Appl. Microbiol. 18: 363-367. 
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Class IV. Cytophagia class. nov. 


Y AsUYOSHI NAKAGAWA 


Cy.to.pha'gi.a. N.L. fem. n. Cytophaga type genus of the type order Cytophagales; suff. 
-ia ending proposed by Gibbons and Murray and by Stackebrandt et al. to denote a class; 
N.L. neut. pl. n. Cytophagia the class of Cytophagales. 


Cells are short or long rods and sometimes filaments. Some gen- 
era form rings, coils, vibroids or S-shaped cells. Spores or other 
resting cells are not found except for the genus Sporocytophaga. 
Motile by gliding or flagella, or nonmotile. Flagella are found in 
only the genus Balneola. Stain Gram-negative. Growth is usually 
strictly aerobic, but microaerobic to anaerobic growth occurs 
in a few members. Chemo-organotrophic. Colonies are usually 
pigmented, and cell masses are yellow, orange, pink, or red 
owing to carotenoids, flexirubin-type pigments, or both. Widely 
distributed in nature. Some genera are marine organisms that 
require seawater salts for growth. Most species are mesophilic, 
but psychrophilic and thermophilic members exist. 


Type order: Cytophagales Leadbetter 1974, 99%". 


Taxonomic comments 


The class Cytophagia is circumscribed for this volume on the 
basis of the phylogenetic analyses of the 16S rRNA sequences. 
The class includes the order Cytophagales and some other deep 
phylogenetic groups that are treated as orders incertae sedis. 


Reference 


Leadbetter, E.R. 1974. Order II. Oytophagales nomen novum. In Bergey’s 
Manual of Determinative Bacteriology, 8th edn (edited by Buchanan 
and Gibbons). Williams & Wilkins, Baltimore, pp. 99-122. 


Order |. Cytophagales Leadbetter 1974, 99^- 


YASUYOSHI NAKAGAWA 


Cy.to.pha.ga'les. N.L. fem. n. Cytophaga the type genus of the order; suff. -ales ending to 
denote an order; N.L. fem. pl. n. Cytophagales the Cytophaga order. 


Cells are short or long rods and sometimes filaments. Some gen- 
era form rings, coils, vibroids or S-shaped cells. Spores or other 
resting cells have not been found except for the genus Sporo- 
cytobhaga. Motile by gliding or nonmotile. Flagella are usually 
absent. Stain Gram-negative. Growth is usually strictly aerobic, 
but microaerobic to anaerobic growth occurs in a few members. 
Chemo-organotrophic. Most species are able to degrade one 
or several kinds of organic macromolecules such as proteins 
(e.g., casein, gelatin), lipids (e.g., Tweens) and esculin, starch, 
pectin, agar, chitin, carboxymethylcellulose or cellulose. Colo- 
nies are usually pigmented and cell masses are yellow, orange, 
pink or red owing to carotenoids, flexirubin-type pigments, or 
both. Widely distributed in nature. Some genera are marine 
organisms requiring seawater salts for growth. Most species are 
mesophilic, but a few species and genera are psychrophilic. The 
major respiratory quinone is MK-7, as far as it has been investi- 
gated. Most genera contain branched, unsaturated, or hydroxy 
fatty acids as predominant fatty acids. 

Type genus: Cytophaga Winogradsky 1929, 577^- emend. Nak- 
agawa and Yamasato 1996, 600. 


Taxonomic comments 


The order Oytophagales that was established by Leadbetter 
(1974) accommodated three families Cytophagaceae, Flavobacte- 
riaceae, and Bacteroidaceae, and some genera in the Ist edition of 
the Systematics (Reichenbach, 1989). The order is circumscribed 


for this volume to encompass the three families Cytophagaceae, 
Cyclobacteriaceae, and Flammeovirgaceae, based on 16S rRNA 
sequences. The families Flavobacteriaceae and Bacteroidaceae are 
reassigned to the classes Flavobacteriia and Bacteroidia, respec- 
tively. The families Cyclobacteriaceae and Flammeovirgaceae were 
not described in previous editions of the manual. Because the 
three families belonging to the order Cytophagales share many 
phenotypic characteristics, they are difficult to differentiate 
based solely on phenotype. The major quinone is MK-7, as far 
as it has been investigated. The G+C contents of the DNA of the 
families Cytophagaceae, Cyclobacteriaceae, and Flammeovirgaceae are 
34—65, 35-45, and 31-45 mol%, respectively. 


References 


Leadbetter, E.R. 1974. Order II. Oytophagales nomen novum. Jn Bergey’s 
Manual of Determinative Bacteriology, 8th edn (edited by Buchanan 
and Gibbons). Williams & Wilkins, Baltimore, pp. 99-122. 

Nakagawa, Y. and K. Yamasato. 1996. Emendation of the genus Cytophaga 
and transfer of Cytophaga agarovorans and Cytophaga salmonicolor to 
Marinilabilia gen. nov: phylogenetic analysis of the Flavobacterium 
cytophaga complex. Int. J. Syst. Bacteriol. 46: 599-603. 

Reichenbach, H. 1989. Order I. Cytophagales Leadbetter 1974. In Bergey's 
Manual of Systematic Bacteriology, 8th edn, vol. 3 (edited by Staley, Bry- 
ant, Pfennig, Holt). Williams & Wilkins, Baltimore, pp. 2011-2013. 

Winogradsky, S. 1929. Etudes sur la microbiologie du sol. Sur la dégra- 
dation de la cellulose dans le sol. Ann. Inst. Pasteur (Paris) 45: 
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Family |. Cytophagaceae Stanier 1940, 630^- 


Y AsUYOSH! NAKAGAWA 


Cy.to.pha.ga'ce.ae. N.L. fem. n. Cytophaga the type genus of the family; suff. -aceae ending to denote 
a family; N.L. fem. pl. n. Cytophagaceae the Cytophaga family. 


Cells are short or long rods and sometimes filaments. Some 
genera form rings, coils, vibroids or S-shaped cells. Spores 
or other resting cells are absent except for the genus Sporocy- 
tophaga. Motile by gliding, or nonmotile. Flagella are usually 
absent. Stains Gram-negative. Growth is usually strictly aerobic, 
but microaerobic to anaerobic growth occurs in members of a 
few genera. Chemo-organotrophs. Members of most species are 
able to degrade one or several kinds of organic macromolecules 
such as proteins (e.g., casein, gelatin), lipids (e.g., Tweens) and 
esculin, starch, pectin, agar, chitin, carboxymethylcellulose or 
cellulose. Colonies are usually pigmented and cell masses are 
yellow, orange, pink or red owing to carotenoids, flexirubin-type 
pigments, or both. Widely distributed in nature. Some genera 
are marine organisms requiring sea water salts for growth. Most 
species are mesophilic, but a few species and genera are psychro- 
philic. The major respiratory quinone is MK-7 as far as investi- 
gated. Predominant fatty acids in most genera are branched, 
unsaturated or hydroxy fatty acids such as C,., iso, C,,,, C 
C, iso 2-OH and/or C., iso 3-OH. 

DNA G+C content (mol 96): 34—65. 

Type genus: Cytophaga Winogradsky 1929, 577 emend. Naka- 
gawa and Yamasato 1996, 6001". 


15:0 16:1? 17:1? 


Taxonomic comments 


The family Cytophagaceae was established to accommodate one 
genus, Oytophaga, by Stanier (1940) and expanded to encom- 
pass six more genera, Capnocytophaga, Chitinophaga, Flexibacter, 
Flexithrix, Microscilla, and Sporocytophaga in the 1st edition of this 
Manual (Reichenbach, 1989c). Since then, many new genera 
have been described in the phylum Bacteroidetes and 16S rRNA 
sequence data have become available. In light of this new infor- 
mation, the family is delineated again in this volume. The gen- 
era Capnocytophaga, Chitinophaga, and Flexithrix are excluded 
from the family Cytophagaceae and reassigned to the families 
Flavobacteriaceae, Chitinophagaceae, and. Flammeovirgaceae, respec- 
tively. Since 13 other genera have been added to the family 
Cytophagaceae, it now contains 17 genera. The major respiratory 
quinone of all genera belonging to the family is MK-7 as far 
as has been determined. This character is useful for differenti- 
ating the family Cytophagaceae from the family Flavobacteriaceae, 
which is characterized by MK-6 (Bernardet et al., 2002). 

Although phenotypic differentiation of the 17 genera belong- 
ing to the family is difficult, some differential characteristics are 
summarized in Table 86. 


Genus |. Cytophaga Winogradsky 1929, 5774" emend. Nakagawa and Yamasato 1996, 600"? 


YASUYOSHI NAKAGAWA 


Cy.to’pha.ga. Gr. n. cytos vessel, container, and in biology a cell; Gr. v. phagein to eat; N.L. fem. n. Cytophaga 
devourer of cell; intended to mean devourer of cell wall, cellulose digester. 


Moderately long flexible rods 0.3-0.5 um wide and 2-10 um 
long with slightly tapering ends. Motile by gliding. Nonspore- 
forming. Resting stages are absent. Gram-stain-negative. Aerobic, 
having a strictly respiratory type of metabolism with oxygen 
as the terminal electron acceptor. Chemo-organotrophic. Cell 
mass is yellow to orange owing to carotenoids, flexirubin-type pig- 
ments, or both. Oxidase-positive. Catalase-negative. Terrestrial 
organisms, common in soil. The optimum pH for growth is 7. 
Crystalline cellulose (filter paper) and carboxymethyl cellulose 
are degraded. The major respiratory quinone is MK-7. The 
major polyamine is homospermidine. 

DNA G+C content (mol % ): 37-42. 

Type species: Cytophaga hutchinsonii Winogradsky 1929, 
578^. 


Enrichment and isolation procedures 


Standard procedures to isolate cellulose-degrading organisms 
can be applied. Media in which filter papers have been placed 
on mineral salts agar or immersed in a mineral salt solution 
are used. After incubation for several days to 1 month, yellow 
to orange spots will appear on the surface of the filter papers. 
Cellulose powders or carboxymethylcellulose can be used 
instead of filter paper. Detailed protocols have been described 
by Reichenbach (1989c, 199232). 


Maintenance procedures 


Cultures of Cytophaga strains can be preserved by freezing at 
temperatures lower than -80^C. For freezing, cells are sus- 
pended in a suitable liquid medium containing 1046 glycerol 
or 7% DMSO. Oytophaga strains are rather sensitive to drying; 
however, they can be preserved by the liquid drying method 
using a protective medium such as SM1* (Sakane et al., 1996) 
or by freeze drying. 


Differentiation of the genus Cytophaga from other genera 


Phylogenetic analysis shows that the genus Cytophaga is a phy- 
logenetically independent genus in the phylum Bacteroidetes 
(see Figure 74 of the chapter Flexibacter). When the genus was 
emended (Nakagawa and Yamasato, 1996), the key characteris- 
tics to differentiate the genus from the related taxa were the pos- 
session of MK-7 as the major quinone and the ability to degrade 
cellulose. Menaquinone types can be used to differentiate the 
genus from the family Flavobacteriaceae, which is characterized by 
MK-6 (Bernardet et al., 2002; Nakagawa and Yamasato, 1993). 
Since then, a number of new genera have been proposed, 


*SMI (Sakane et al., 1996) consists o£ monosodium glutamate monohydrate, 
30 g; adonitol, 15 g; L(—)-cysteine-HCl, 0.5 g; and 0.1 M phosphate buffer (pH 7.0), 
1000 ml. 
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making it very difficult to differentiate the genus Cytophaga from 
other related genera only by phenotypic characteristics. When 
additional strains are isolated, other chemotaxonomic, physi- 
ologic, and biochemical characteristics of the genus Cytophaga 
will be found. 


Taxonomic comments 


The genus Cytophaga was first described by Winogradsky (1929) 
for aerobic, cellulolytic, soil bacteria with probable gliding 
motility. Stanier (1940, 1941, 1942, 1947) investigated Gram- 
stain-negative bacteria that could move by gliding and degrade 
cellulose, agar, and/or chitin, and suggested that the gliding 
motility and the ability to degrade biomacromolecules were 
indispensable characters for the genus. These generic concepts 
were accepted in principle in the 1st edition of this Manual by 
Reichenbach (1989c); however, he stated that the genus is “a 
rather heterogeneous assembly of organisms which certainly do 
not belong to one single genus". In addition, several taxonomic 
investigations described in the reviews by Callies and Man- 
nheim (1978), Christensen (1977), Hayes (1977), Oyaizu and 
Komagata (1981), and Shewan and McMeekin (1983) revealed 
considerable overlapping of phenotypic and chemotaxonomic 
characteristics between members of the genera Cytophaga and 
Flavobacterium. Only gliding motility could be regarded as a dis- 
tinguishing feature for the two genera, but this feature is some- 
times not easy to discern (Henrichsen, 1972; McMeekin and 
Shewan, 1978; Perry, 1973). Accordingly the two genera were 
called the Flavobacterium-Cytophaga complex. These develop- 
ments are described in detail in the 1st edition of this Manual 
(Reichenbach, 1989c). 

Of the 23 validly published Cytophaga species, 20 were rec- 
ognized in the Ist edition of this Manual. 16S rRNA sequenc- 
ing analysis showed great biological diversity within the genus 
Cytophaga (Nakagawaand Yamasato, 1993). Theyalso showed that 
Cytophaga species were characterized by either MK-6 ( Cytophaga 
aquatilis, Cytobhaga aurantiaca, Cytophaga columnaris, Cytophaga 
flevensis, Cytophaga johnsonae, Cytophaga latercula, Cytophaga lytica, 
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Cytobhaga marina, Cytophaga marinoflava, Cytophaga pectinovora, 
Cytophaga psychrophila, Cytophaga saccharophila, Cytophaga succini- 
cans) or MK-7 ( Oytophaga agarovorans, Cytophaga aprica, Cytobhaga 
arvensicola, Cytophaga diffluens, Cytophaga fermentans, Cytophaga 
heparina, Cytophaga hutchinsonii, Cytophaga salmonicolor). The 
types of major menaquinones correlated well with the phyloge- 
netic relationships. Some of the species possessing MK-6 were 
closely related to Flavobacterium aquatile, the type species of the 
genus Flavobacterium. The understanding and acceptance of 
the diversity of the genus have led to several reclassifications 
and descriptions of new genera as summarized in Table 87 and 
described below. 

Nakagawa and Yamasato (1996) emended the genus 
Cytophaga to contain only two species, Cytophaga hutchinsonii and 
Cytophaga aurantiaca. These are the only two species that are, 
based on 16S rRNA sequencing analysis, justifiably members 
of the genus Cytophaga. Cytophaga agarovorans and Cytophaga 
salmonicolor, which are facultatively anaerobic, usually pink- 
colored marine organisms, formed a distinct cluster in the class 
Bacteroides and were transferred in the new genus Marinilabilia 
(Nakagawa and Yamasato, 1996). Later, gyrB sequence analyses 
and DNA-DNA hybridization studies showed that Marinilabilia 
salmonicolor (basonym Cytophaga salmonicolor) and Marinilabilia 
agarovorans (basonym, Cylophaga agarovorans) should be uni- 
fied in a single species, and the name Marinilabilia salmonicolor 
biovar. agarovorans was proposed for it (Suzuki et al., 1999). 
Eight species possessing MK-6 — Oytophaga aquatilis, Cytophaga 
columnaris (synonym, Flexibacter columnaris), Cytophaga flevensis, 
Cytophaga johnsonae, Cytophaga pectinovora, Cytophaga psychrophila 
(synonym, Zlexibacter psychrophilus), Cytophaga saccharophila, and 
Cytophaga succinicans — were closely related to the genus Flavobac- 
terium and therefore transferred to the genus Flavobacterium. 
The family Flavobacteriaceae was emended to accommodate 
MK-6 organisms (Bernardet et al., 1996, 2002). Accordingly, the 
genus Flavobacterium now includes both gliding-motile and non- 
motile organisms. This means that gliding motility is not a sig- 
nificant taxonomic characteristic for differentiation of genera. 


TABLE 87. Other validly published Cytophaga species showing their proposed assignment to new or different genera 


Validly published species Revised classification 


References 


C. agarovorans 
C. aprica 
C. aquatilis 


Marinilabilia salmonicolor biovar. agarovorans 
Flammeovirga aprica 

8 
Flavobacterium hydatis 
C. arvensicola Chitinophaga arvensicola 
Flavobacterium columnare 


Persicobacter diffluens 


C columnaris 
C. diffluens 
C. fermentans 
C. flevensis 
C. heparina 


C. johnsonae 


Flavobacterium flevense 
Pedobacter heparinus 
Flavobacterium johnsoniae 
C. latercula Aquimarina latercula 
C. lytica Cellulophaga lytica 
C. marina Tenacibaculum maritimum 
C. marinoflava 
C. pectinovora 
C. psychrophila 
C. saccharophila 


C. salmonicolor 


Leewwenhoekiella marinoflava 
Flavobacterium pectinovorum 
Flavobacterium psychrophilum 
Flavobacterium saccharophilum 
Marinilabilia salmonicolor 

C. succinicans Flavobacterium succinicans 


C. uliginosa Zobellia uliginosa 


Nakagawa and Yamasato (1996); Suzuki et al. (1999) 
Nakagawa et al. (1997) 

Bernardet et al. (1996) 

Kàmpfer et al. (2006) 

Bernardet et al. (1996) 

Nakagawa et al. (1997) 


Uncertain (probably belonging to the class Bacteroides) 


Bernardet et al. (1996) 

Takeuchi and Yokota (1992); Steyn et al. (1998) 
Bernardet et al. (1996) 

Nedashkovskaya et al. ( 
Johansen et al. (1999) 
Suzuki et al. (2001) 
Nedashkovskaya et al. (2005d) 

Bernardet et al. (1996) 

Bernardet et al. (1996) 

Bernardet et al. (1996) 

Nakagawa and Yamasato (1996); Suzuki et al. (1999) 
Bernardet et al. (1996) 

Bowman (2000); Barbeyron et al. (2001) 


2005b); Nedashkovskaya et al. (2006) 
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Two marine agarolytic organisms, Oytophaga apricaand Cytophaga 
diffluens, were transferred to the new genera llammeovirga and 
Persicobacter, respectively (Nakagawa et al., 1997). A heparin- 
degrading species, Cytophaga heparina was initially transferred to 
the genus Sphingobacterium, because it contained sphingolipids 
(Takeuchi and Yokota, 1992), and then was reclassified in the 
new genus Pedobacteras Pedobacter heparinum, together with other 
heparinase-producing organisms (Steyn et al., 1998). Cytophaga 
lytica and Cytophaga uliginosa — marine species possessing MK-6 — 
were classified in the new genus Cellulophaga (Bowman, 2000; 
Johansen etal., 1999); later, Cellulophaga uliginosa was transferred 
to the new genus Zobellia (Barbeyron et al., 2001). A marine fish 
pathogen, Cytophaga marina (heterotypic synonym, flexibacter 
maritimus) was reclassified as Tenacibaculum maritimum (Suzuki 
et al., 2001). Oytophaga marinoflava was assigned to the genus 
Leeuwenhoekiella (Nedashkovskaya et al, 2005d). The genus 
Stanierella was established to accommodate Cytophaga latercula; 
however, this new genus was eventually subsumed into another 
genus, Aquimarina, proposed in the same paper (Nedashkovskaya 
et al., 2005b, 2006). Cytophaga arvensicola, together with three 
other misclassified Flexibacter species — Flexibacter filiformis, 
Flexibacter japonensis, and Flexibacter sancti — was classified in the 
genus Chitinophaga (Kàmpfer et al., 2006). At present, two of 23 
validated species of the genus Cytophaga — Cytophaga fermentans 
and Oytophaga xylanolytica — remain to be reclassified. Cytophaga 
fermentans is a marine facultative anaerobe that possesses MK-7 
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and was closely related to the class Bacteroides based on the 16S 
rRNA sequence analysis (Nakagawa and Yamasato, 1993, 1996). 
Cytophaga xylanolytica is anaerobic gliding bacterium degrading 
xylan (Haack and Breznak, 1993). Only three partial 16S rRNA 
sequences (lengths, 287, 290, 350 bases, respectively) of this spe- 
cies are currently available; however, they show that Cytophaga 
xylanolytica is related to the class Bacteroides. Thus, Cytophaga fer- 
mentans and Cytophaga xylanolytica should not be included in the 
genus Cytophaga. 


Differentiation of species of the genus Cytophaga 


Table 88 lists characteristics that distinguish Cytophaga species 
from one another. 


TABLE 88. Characteristics differentiating the species of the genus 
Oytophaga *^ 


Characteristic C. hutchinsonii C. aurantiaca 
Optimum temperature (^C) 30 20-25 
Color of cell mass Bright yellow Bright orange 
Flexirubin reaction + - 

DNA G+C content (mol%) 39-40 37-42 
“Symbols: +, 90% or more of strains are positive; —, 10% or less of strains are 


positive. 
"Data from Reichenbach (1989c) and Bergey’s Manual of Determinative Bacteriology, 
9th edition. 


List of species of the genus Cytophaga 


1. Cytophaga hutchinsonii Winogradsky 1929, 5784" 


hut.chin.so'ni.i. N.L. masc. gen. n. hutchinsonii of Hutchin- 
son, named in honor of English microbiologist, H. B. 
Hutchinson. 


The characteristics are as described for the genus with 
the following additional features taken from Bergeys Manual 
of Determinative Bacteriology (9th edition) and the 1st edition 
of this Manual. Cells are flexible rods, 0.3-0.5 um wide and 
2-10 um long or longer. The cell mass is bright yellow. Opti- 
mum growth temperature is 30°C. Oxidase-positive. Catalase- 
negative or very weakly positive. Cellulose (filter paper) and 
carboxymethyl cellulose are degraded, but not agar, chitin, 
pectin, or starch. Peptones, Casamino acids, several amino 
acids including aspartic and glutamic acids, NO, , and NH * 
serve as sole nitrogen source. Cellulose, cellobiose, and glu- 
cose are used, but arabinose, fructose, galactose, mannitol, 
mannose, sodium pyruvate, and xylose are not. Growth does 
not occur in seawater media. A flexirubin type pigment is 
present. 

Source: unclear but assumed to be from soil (Reichenbach, 
1989c). 

DNA G+C content (mol96): 39 (Bd) to 40 (T). 

Type strain: ATCC 33406, CIP 103989, DSM 1761, JCM 
20678, LMG 10844, NBRC 15051, NCIMB 9469. 


Sequence accession no. (complete genome): CP000383, 


NC008255; (16S rRNA gene): M58768. 


2. Cytophaga aurantiaca (ex Winogradsky 1929) Reichenbach 
1989c, 2036% (Cytophaga aurantiaca Winogradsky 1929, 597) 


au.ran.ti'a.ca. N.L. fem. adj. aurantiaca orange colored. 


The characteristics are as described for the genus with the 
following additional features taken from Bergey’s Manual of 
Determinative Bacteriology (9th edition) and the Ist edition of 
this Manual. Cells are flexible rods, 0.3-0.4 um wide and 2-8 
um long or longer. The cell mass is bright orange. Optimum 
growth temperature is 20-25°C. Oxidase-positive. Catalase- 
negative. Cellulose (filter paper) and carboxymethyl cellu- 
lose are degraded, but not agar, casein, or starch. Peptones, 
NO, and NH, serve as nitrogen sources. Cellulose, cellobi- 
ose, and glucose are used. Growth does not occur in seawater 
media. A flexirubin type pigment is absent. 

It is suggested that the type strain of Cytophaga aurantiaca 
is identical with Bortels's strain Cytophaga aurantiaca 51, 
which is isolated from soil of the swampy edge of a pond in 
Germany (Bortels, 1956; Reichenbach, 1989c). 

DNA G+C content (mol% ): 37-42 (Bd). 

Type strain: ATCC 12208, DSM 3654, JCM 8511, NBRC 
16043, NCIMB 8628. 

Sequence accession no. (16S rRNA gene): D12658. 


Other species 


No species listed below should be included in the genus 
Cytophaga, because they are not closely related to the type spe- 
cies of the genus based on 16S rRNA sequence analysis. 


1. Cytophaga fermentans Bachmann 1955, 549" 


fer.men'tans. L. part. adj. fermentans fermenting. 
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The descriptions include characteristics described in 
Bergey’s Manual of Determinative Bacteriology (9th edition) 
and the Ist edition of this Manual. Cells are flexible rods, 
0.3-0.7 um wide and 8-50 um long or longer. Motile by 
gliding. Nonsporeforming. Resting stages are absent. Gram- 
stain-negative. The cell mass from aerobic cultures is bright 
yellow on peptone media, and from anaerobic cultures, it is 
unpigmented on minimal media. Colonies are thin spread- 
ing films with yellow blobs in shallow craters. Facultatively 
anaerobic. Optimum growth temperature is 30*C. Agar and 
starch, but not alginate, cellulose (filter paper), or chitin are 
degraded. Peptones, asparagine, glutamine, and NH, serve 
as nitrogen sources, but not NO, or urea. Arabinose, cello- 
biose, fructose, glucose, lactose, maltose, mannitol, mannose, 
raffinose, starch, sucrose, and xylose are used, but acetate, 
agar, alginate, cellulose, chitin, dulcitol, ethanol, galactose, 
glycerol, rhamnose, trehalose, and sorbose are not. Glucose 
is fermented with production of acetate, propionate, and suc- 
cinate. Growth does not occur in seawater media. Nitrate is 
not reduced. Marine organism, requiring elevated salt con- 
centrations. 

This species is related to the class Bacteroides based on the 
16S rRNA sequence analysis (Nakagawa and Yamasato, 1996). 

DNA G+C content (mol96): 39 (Bd) to 42 (T). 

Type strain: ATCC 19072, CIP 104805, DSM 9555, JCM 
21142, NBRC 15936. 

Sequence accession no. (16S rRNA gene): M58766. 


2. Cytophaga xylanolytica Haack and Breznak 1993, 14V" 


xy.lan.o.ly'ti.ca. N.L. n. xylanum xylan (a xylose-containing 
heteropolysaccharides in plant cell walls); N.L. fem. adj. lyt- 
ica (from Gr. fem. adj. ludiké), able to loosen, able to dissolve; 
N.L. fem. adj. xylanolytica xylan-dissolving. 
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The characteristics are as described by Haack and Breznak 
(1993). Cells are flexible rods, 0.4 jum wide and 3-24 
um long or longer. Motile by gliding. Nonsporeforming. 
Resting stages are absent. Gram-stain-negative. The cell 
mass is orange to salmon due to the presence of carote- 
noids. Aeroduric anaerobe. No growth occurs under 
conventional aerobic conditions with or without CO, 
enrichment of the atmosphere. Growth occurs at 19-37°C; 
optimum is 30-32°C. Growth occurs at pH 6.1-8.7; opti- 
mum 7.2-8.2. Oxidase-negative. Catalase weakly positive. 
Sulfide is used as the sole sulfur source. Peptones, glu- 
tamine, and NH,’ serve as nitrogen sources, but not NO, , 
N,, or glutamate. Xylan, laminarin, lichenin, cellobiose, 
lactose, glucose, galactose, mannose, xylose, and arabinose 
are fermented as energy sources for growth, but not cel- 
lulose, carboxymethyl cellulose, arabinogalactan, mannan, 
chitin, Macetylglucosamine, sorbose, ribose, or rhamnose. 
Acetate, propionate, and succinate are the major products 
of xylan, xylose, and glucose fermentation. NO, and SO,” 
are not used as terminal electron acceptors during anaero- 
bic growth. O, is not used as terminal electron acceptor 
(type strain). Growth occurs in the presence of up to 3% 
NaCl. Marine organism, requiring elevated salt concen- 
trations. A flexirubin type pigment and a sulfonolipid are 
present. The major cellular fatty acids are C,, , anteiso, C 
and C,., 3-OH. 

Analysis of partial 16S rRNA sequences indicates a 
close relationship between this species and the class Bacte- 
roides. 

DNA G+C content (mol % ): 45.5 (Bd). 

Type strain: XM3, ATCC 51429, DSM 6779. 

Sequence accession no. (three partial 16S rRNA in lengths 287, 
290, 350 bases): AH001617. 


15:0 15:0? 


Genus Il. Adhaeribacter Rickard, Stead, O'May, Lindsay, Banner, Handley and Gilbert 2005, 827"* 


PETER GILBERT* AND ALEXANDER H. RICKARD 


Ad.haer'i.bac.ter. L. v. adhaereo, adhaere to ADHERE to, to stick fast; N.L. masc. n. bacter from Gr. n. baktron 


rod; N.L. masc. n. Adhaeribacter sticky rod. 


Rods, about 0.9-1.7 by 2.8-4.1 um. In batch culture, mean size 
is dependent upon the phase of growth. During exponential 
growth, the rods occur singly, in aggregates, and in chains of 
up to approximately 4 cells in length. In the stationary phase, 
the cells occur singly. Cells are Gram-stain-negative, non-sporu- 
lating, nonflagellated, and nonmotile. Growth occurs in liquid 
and on solid interfaces. Strictly aerobic. Chemoheterotrophic. 
Temperature range for growth, 4-37°C; optimum, 30*C. Lim- 
ited NaCl tolerance; growth occurs between 0-4.0% (w/v) 
NaCl. 

Habitat: within freshwater, multi-species biofilm communities 
developed on a stainless-steel surface exposed to potable water 
at a shear rate of 305/s. 

DNA G+C content (mol 96): 40.0. 

Type species: Adhaeribacter aquaticus Rickard, Stead, O'May, 
Lindsay, Banner, Handley and Gilbert 2005, 827%. 


*Deceased. 


Further descriptive information 


Based on 16S rRNA analysis, Adhaeribacter represents a sepa- 
rate and distinct lineage within the family Cytophagaceae of the 
Cytophaga-Flavobacterium- Bacteroides group (Figure 67). 

Colonies are pink, round, and mucoid on R2A medium (Rea- 
soner and Geldreich, 1985) and are not easily emulsified in ster- 
ile water or phosphate buffered saline. Growth does not occur on 
peptone water agar or other media commonly used for the isola- 
tion of freshwater bacteria. The growth rate on agar is improved 
in a moist atmosphere. Cells grown in liquid R2A do not pellet 
tightly when centrifuged at «3500 g, which may be a consequence 
of the production of extracellular polymeric substances. 

Cells that are in exponential and stationary phase are com- 
pletely covered with a dense fibrillar matrix, possibly composed 
of extracellular polysaccharide as well as other polymeric sub- 
stances (Figure 68). Bundles of fibrils exist close to the cell 
surface, and individual thin fibers radiate away from each cell. 
Furthermore, the addition of the acidic dye nigrosin reveals an 
extensive capsule surrounding the cells. During late exponential 
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0.1 


e 


Taxeobacter ocellatus Myx2105 (Y18835) 
Hymenobacter actinosclerus 1187' (Y17356) 
Pontibacter actiniarum KMM 6156" (AY989908) 
Adhaeribacter aquaticus MBRG1.5' (AJ626894) 
Microscilla furvescens IFO 15994 (AB078079) 
Roseivirga ehrenbergii KMM 6017" (AY608410) 
Marinicola seohaensis SW-152S' (AY739663) 


Flavobacterium aquatile ATCC 11947 (M62797) 


FIGURE 67. Neighborjoining 16S rRNA phylogenetic dendrogram showing the position of Adhaeribacter aquati- 
cus in relation to other closely related genera from the order Oytophagales. Bar represents 1 nucleotide change in 
every 10. 


FIGURE 68. Electron micrographs of a typical negatively stained cell 
of Adhaeribacter aquaticus harvested after 72 h from batch culture. Cells 
were stained with 1.5% (w/v) methylamine tungstate. Cells are rod- 
shaped and surrounded by bundles of fibrils (BF). Each cell possesses 
a clearly visible electron dense “halo” (EDH). Blebbing (BL) is evident, 
and an inner membrane (IM) that has shrunk away from the outer 
membrane can be seen. Bar represents 1.0 um. 


phase and stationary phase, a large proportion of the cells plas- 
molyse, and blebbing and shrinkage of the inner membrane 
from the outer membrane occurs (Figure 68). The cause for 
such extensive plasmolysis is not known. 

Many species of bacteria live together within biofilms 
(Costerton et al., 1995). Adhaeribacter aquaticus was isolated 
from a multi-species biofilm community on a stainless steel 
surface of a concentric cylinder reactor (Rickard et al., 2004). 
This device was used to demonstrate that species composition 
of multi-species biofilm communities is dependent upon the 


imposed hydrodynamic shear forces. Adhaeribacter aquaticus was 
only isolated from biofilms exposed, for 3 months, to the high- 
est imposed shear forces (305/s). The ability of this organism to 
form biofilms and reside on surfaces exposed to such extreme 
shear rates is likely related to the copious amounts of adhesive 
fibrillar material that is produced by Adhaeribacter aquaticus. 


Enrichment and isolation procedures 


There is currently no known method for selective enrichment 
of Adhaeribacter aquaticus from a mixed-species freshwater com- 
munity. In general, following isolation, growth of Adhaeribacter 
aquaticus is best at 30°C in aerobic liquid R2A medium or on 
R2A agar in a humid atmosphere. Maximum growth rates are 
at 30°C, and incubation at this temperature will generate visible 
colonies after 3 d. 


Maintenance procedures 


For short-term storage, Adhaeribacter aquaticus can be main- 
tained on R2A agar for approximately 1 month. For long-term 
storage, Adhaeribacter aquaticus can be stored at -70°C in 50% 
(v/v) glycerol. 


Differentiation of the genus Adhaeribacter 
from other genera 


Adhaeribacter aquaticus can be phylogenetically differentiated 
from other genera within the order Oytophagales and, indeed, 
within the family Cytophagaceae by comparison of the 16S rRNA 
gene sequences. The validly published species Pontibacter actin- 
iarum gen. nov., sp. nov. (Nedashkovskaya et al., 2005c) is the 
closest relative to Adhaeribacter aquaticus, with 89.1% 16S rRNA 
gene sequence similarity (Figure 67). Phenotypically, cells from 
no other related genera have been reported to exhibit such 
a high degree of plasmolysis and produce such conspicuous 
amounts of extracellular polymeric substances. In addition, 
the profile of identifiable cellular fatty acids of Adhaeribacter 
aquaticus is significantly different from that of phylogenetically 
related strains. 
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List of species of the genus Adhaeribacter 


1. Adhaeribacter aquaticus Rickard, Stead, O'May, Lindsay, 
Banner, Handley and Gilbert 2005, 827°" 
a.qua'ti.cus. L. masc. adj. aquaticus living, growing, or found 
in or by water, aquatic. 


The description is the same as given for the genus. 
DNA G«C content (mol % ): 40.0 (T). 


Type strain: MBRG1.5, DSM 16391, NCIMB 14008. 
Sequence accession no. (16S rRNA gene): AJ626894. 


Genus lll. Arcicella Nikitin, Strómpl, Oranskaya and Abraham 2004, 683"? (Arcocella Nikitin, Oranskaya, Pitryuk, 
Chernykh and Lysenko 1994, 152) 


WoLFr-RAINER ABRAHAM, ALEXANDRE J. MACEDO, HEINRICH LUNSDORF AND Denis I. NIKITIN 


Ar.ci.cel'la. L. masc. n. arcus the arc; L. fem. n. cella a store-room, and in biology a cell; N.L. fem. n. Arcicella 


arc-shaped cell. 


Vibrioid, stretched spirals, or S-shaped cells 2.5-3.0 by 0.5-0.75 
um. Colonies on solid mediaare mucoid andlightorange. Growth 
occurs between 4 and 40°C; optimum, 28-30*C. Optimum pH, 
~7. Growth occurs in the presence of NaCl concentrations 
between 0.5 and 6.0% (w/v); no growth occurs above 6% or in 
the absence of NaCl. Aerobic. Growth occurs on a wide range 
of carbohydrates (monosaccharides are preferred) but not on 
C, compounds, amino acids, or salts of organic acids. Ammo- 
nium salts and nitrate can be used as nitrogen sources. Nitrate 
is not reduced to nitrite or N,. Biopolymers are not hydrolyzed. 
The main polar lipids are 2-N-(2'-hydroxyisopentadecanoyl) 
amino-3-hydroxyisoheptadeca-4 ( E)-ene-1-(2'-aminoethyl)- 
phosphate and its 3-hydroxyoctadeca-4(E)-ene homologs, 
phosphatidylethylamine, —2-p-(2'-n-hydroxyisopentadecanoyl) 
amino-3-p-hydroxyisoheptadecane-1-sulfonic acid, and 2-N-(2"- 
hydroxyisopentadecanoyl) amino-3-hydroxyisoheptadeca-4 ( £)- 
ene-I-hydroxycarbonyl-6-deoxy-6-amino-mannopyranoside. 
The major fatty acids are Cuy, Ciso C,,, 96 and C. Lives in 
freshwater habitats. 

DNA G+C content (mol % ): 34. 

Type species: Axcicella aquatica Nikitin, Strómpl, Oranskaya 
and Abraham 2004, 683%? ( Arcocella aquatica Nikitin, Oranskaya, 
Pitryuk, Chernykh and Lysenko 1994, 152). 


16:0? 14:0? 18:0* 


Further descriptive information 


The cells are vibrioid, stretched spirals, or S-shaped, morpho- 
logically similar to the ring-forming cells of Flectobacillus major 
and, to a lesser degree, Spirosoma linguale. 

The phospholipid and fatty acid composition of Arcicella and 
related organisms is given in Table 89. 

Electron microscopic studies of Arcicella aquatica, in either 
whole mount preparations shadow-casted with Pt (Figure 69) or 
embedded ultrathin sections (Figure 69), revealed Gram-stain- 
negative cell wall architecture (Figure 69). Often the organism 


was found engulfed within a slimy matrix (Figure 69) and the 
outermost layer of the outer membrane appeared intensely 
stained with thorium dioxide (Figure 69). Correspondingly, 
protuberances of the outer membrane were coated by thorium, 
indicating that these surfaces are negatively charged (Lünsdorf 
et al., 2006). However, the outermost slime layer (Figure 69) 
was free from colloidal stain, which is indicative of the neutral 
and/or positive charge state of the slime matrix. Cells were 
irregular in length (2.49-6.79 um), and width (0.54—0.76 um), 
with a mean of 0.66 0.05 um (n = 33). Under actual growth 
conditions, intracellular inclusion bodies (ib) were often found 
(Figure 69), which often showed a weak hexagonal contour in 
cross-section, similar to that of polyhedral bodies. These cyto- 
plasmic inclusions were 110-268 nm in diameter, with a mean 
of 183.4 + 41.8 nm (n = 17). Fast Fourier Transform analysis 
of individual inclusions revealed a few ordered spots (Figure 
69), indicative of an ordered arrangement of constituents 
and reflective of the regular arrangement of particles in the 
inclusion bodies (Figure 69). These features may be linked 
to the metabolic activities of diverse enzymes (see below) and 
thus the inclusions may represent so-called *metabolosomes" 
(Brinsmade et al., 2005). 

Nutritional requirements were studied on a mineral medium 
of the following composition (g/l of distilled water): KH,PO,, 
0.01; K,HPO,, 0.1; (NH ),HPO,, 0.2; MgSO,, 0.03; NaCl, 0.01; 
CaCl,, 0.01; MnSO,, trace amounts; FeSO,, trace amounts; yeast 
extract, 0.005%; pH, 7.2. The concentration of the carbon 
sources was 0.1%. Growth occurred on glucose, fructose, lac- 
tose, maltose, rhamnose, galactose, arabinose, ribose, sucrose, 
cellobiose, and inulin. Some growth occurred on mannitol, 
sorbitol, acetate, and aspartate, but no growth occurred on sor- 
bose, dulcitol, ethanol, methanol, formate, propionate, pyru- 
vate, monomethylamine, citrate, oxalate, succinate, and malate, 
or on amino acids, with the exception of aspartate. 


TABLE 89. Phospholipid and fatty acid composition of Arcicella and related organisms*” 


Individual phospholipid (96 of total) 


Individual fatty acids (% of total) 


Species PE PG AAPG* 14:0 15:1 15:0 16:0 16:1 17:1 18:0 18:1 
A. aquatica 35 27 38 2.5 4.4 2 2 77 0 1 0 
F. major 33 25 42 1 12 4 14 44 25.5 1.5 0 
S. linguale 52 8 40 nd nd nd nd nd nd nd 24 


“Symbols: PE, phosphatidylethanolamine; PG, phosphatidylglycerol; AAPG, aminoacyl-phosphatidylglycerol; nd, not determined. 


‘Data from Nikitin et al. (1994). 


‘The main AAPGs of Arcicella aquatica are 2-N-(2'-hydroxyisopentadecanoyl) amino-3-hydroxyisoheptadeca-4(E)-ene-1-(2"-aminoethyl)-phosphate and 2-N-(2'- 


hydroxyisopentadecanoyl) amino-3-hydroxyoctadeca-4 (£)-ene-1-(2’’-aminoethyl)-phosphate. 
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FIGURE 69. Electron micrographs of Arcicella aquatica (for details, see text; cm, cytoplasmic membrane; om, outer 
membrane; omt, outer membrane tubular extensions; m, murein. White arrows indicate direction of shadow casting. 


No growth on meat infusion media is observed. Growth 
in liquid media at a carbon source concentration of 0.0146 is 
characterized by a prolonged lag phase (up to 24 h) and slow 
growth, which proceeds for 48-72 h. Upon reaching the sta- 
tionary phase, the culture retains the achieved optical density 
for as long as 21 d. 

Strains can be cultivated on PYG medium, which has the fol- 
lowing composition (g/l of distilled water): peptone (enzymic 
hydrolysate, Type I; from meat), 1.0; yeast extract (“Sigma” 
Y-4000), 1.0; glucose, 1.0. For agar plates, 20 g of agar is added; 
pH is 6.8-7.2. The medium is sterilized 120°C for 30 min. 
Strains grow within 4—5 d at 28°C. 

Cells display high activity of alkaline phosphatase, leucine 
and valine arylamidase, cystine arylamidase, trypsin, acid phos- 
phatase, naphtholAS-BLphosphohydrolase, -galactosidase, 
a-glucosidase, catalase and Macetyl-$-glucosaminidase; weak 
activity of esterase lipase (C,), o-chymotrypsin, o-galactosidase, 


P-glucosidase and a-fucosidase; and no activity of lipase (C,,), 
a-glucuronidase, or o-mannosidase. 

The genome size of Arcicella aquatica is 2.9 x 10° Da. 

The type strain came from a neuston — a film composed of 
organisms found on top of or attached to the underside of the 
surface film of water — in the central part of Lake Trostenskoe 
near Zvenigorod, Moscow region. 


Enrichment and isolation procedures 


The type strain was isolated on a medium consisting of (g/l 
of distilled water): peptone, 1.0; yeast extract, 1.0; glucose, 1.0; 
agar (Difco), 15.0; pH 7.0-7.2. On solid media the colonies are 
~3 mm in diameter, mucoid, and light orange. 


Differentiation of the genus Arcicella from other genera 


Table 90 lists some characteristics that differentiate the genus 
Arcicella from other ring-forming genera. 
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TABLE 90. Characteristics differentiating the genus Arcicella from other morphologically similar genera*? 


3 E: 
2 2 : PA 
š E Š š 
= 8 KS Š E = 
E š Ë š Ë S 
š ° = ti 3 Š Š Š 
= E = $ D B z S S 
S = > S 8 ES S S Š 
S $ 8 8 Ë 8 G: S N 
$ = = 2 E 3 3 E 
'* š š š š * e e S 
Š S 3 3 = = N š 3 
Characteristic < = sd ia A o < < A 
Rings or toroids formed + + + Rare + v 
Growth in absence of NaCl + + + - nd nd - 
Urease = + nd i - nd * - 
Starch hydrolysis B * w - w _ - - d 
Growth on: 
Acetate + = x nd - nd nd nd nd 
Dulcitol - * - nd = nd nd nd nd 
Methanol _ _ _ - - - + + _ 
Succinate, pyruvate, glutamate = + = nd + nd nd nd nd 
Propionate - * = nd - nd nd nd nd 
Tyrosine _ + nd nd nd nd nd nd nd 
Aspartate + + nd nd nd nd nd nd nd 
DNA G«C content (mol%) 34 39-40 49-50 49 51-53 34-38 66-69 68 33 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; w, weakly positive; nd, data not reported or not applicable. 
"Data taken from Nikitin et al. (2004), Larkin and Borrall (1984a), Gosink et al. (1998), Chelius and Triplett (2000), Chelius et al. (2002), Raj and Maloy (1990), Xin 


et al. (2004), and Staley and Konopka (1984). 
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Cytophaga aurantiaca NCIMB 8628" (D12658) 

Cytophaga hutchinsonii ATCC 33406" (M58768) 

Sporocytophaga myxococcoides DSM 111 187 (AJ310654) 

Roseivirga ehrenbergii KMM 6017! (AY608410) 

Reichenbachia agariperforans KMM 3525! (AB05891) 

Aquiflexum balticum BA160' (AJ744861) 

Cyclobacterium marinum DSM 745! (AY533665) 

Belliella baltica BA134T (AJ564643) 

Hongiella mannitolivorans IMSNU 14012" (AY264838) 

Algoriphagus winogradskyi LMG 219691 (AJ575263) 

Hongiella halophila IMSNU 14013" (AY264839) 
Flexibacter flexilis ATCC 230791 (M62794) 

56 Flectobacillus major ATCC 29496" (M62787) 

Arcicella aquatica N O-5021 (AJ535729) 

Dyadobacter fermentans NS1 14! (AF137029) 

Runella zeae NS121 (AF137381) 

Runella slithyformi s ATCC 295307 (M62786) 


FIGURE 70. Unrooted neighbor-joining dendrogram of the phylogenetic relationships between Arcicella aquatica 
and type species of closely related genera based on a distance matrix analysis of the 16S rRNA gene sequences. 
Accession numbers are given in parentheses. Bootstrap percentages are indicated at tree branching points and the 


scale bar represents substitutions per nucleotide. 


Taxonomic comments 


The 16S rRNA gene sequence similarity between the type 
strain of Arcicella aquatica and the most similar published 
sequence of an organism with a validly published name, Flecto- 
bacillus major, is 93.52% (Nikitin et al., 2004) (Figure 70). This 


similarity value, and the differences in the polar lipids, the 
cellular fatty acids, and biochemical and physiological char- 
acteristics between Flectobacillus major and the type strain of 
Arcicella aquatica, together with the differences in the mol% 
G+C content of their DNA, all support the separate generic 
status of Arcicella. 
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List of species of the genus Arcicella 


1. Arcicella aquatica Nikitin, Strómpl, Oranskaya and Abraham 
2004, 683Y* (Arcocella aquatica Nikitin, Oranskaya, Pitryuk, 
Chernykh and Lysenko 1994, 152) 


a.qua.ti'ca. L. fem. adj. aquatica aquatic. 
q j. aq q 


The characteristics are as given for the genus with 
the following additional features. Main phospholipids 
are 2-N-(2'-hydroxyisopentadecanoyl) amino-3-hydroxy- 
isoheptadeca-4(£)-ene-1-(2"-aminoethyl)-phosphate, 2-N-(2'- 
hydroxyisopentadecanoyl) amino-3-hydroxyoctadeca-4 
(£)-ene-1-(2"-aminoethyl)-phosphate, 1-pentadecanoyl-2- 
hexadecenoylphosphatidyl-2'-ethylamine, 1,2-bis-hexadecen- 
oylphosphatidyl-2'-ethylamine and 1-hexadecanoyl-2- 
hexadecenoylphosphatidyl-2’-ethylamine. Cells display high 
activities of alkaline phosphatase, leucine, and valine arylami- 
dase, cystine arylamidase, trypsin, acid phosphatase, naph- 


thol-AS-BI-phosphohydrolase, B-galactosidase, o-glucosidase, 
catalase and  Nacetylf-glucosaminidase, weak activities 
of esterase lipase (C8), o-chymotrypsin, o-galactosidase, 
P-glucosidase, and a-fucosidase, and no activities of lipase 
(C,,), o-glucuronidase, or o-mannosidase. Growth occurs 
on glucose, fructose, lactose, maltose, rhamnose, galactose, 
arabinose, ribose, sucrose, cellobiose, and inulin; some 
growth occurs on mannitol, sorbitol, acetate, and aspartate; 
no growth occurs on sorbose, dulcitol, ethanol, methanol, 
formate, propionate, pyruvate, monomethylamine, citrate, 
oxalate, succinate, malate, or amino acids, with the excep- 
tion of aspartate. 

DNA G+C content (mol % ): 34 (T). 

Type strain: NO-502, CIP 107990, LMG 21963. 

Sequence accession no. (16S rRNA gene): AJ535729. 


Genus IV. Dyadobacter Chelius and Triplett 2000, 755P, emend. Reddy and Garcia-Pichel 2005, 1298” 


GuNDLAPALLY S. N. REDDY AND FERRAN GARCIA-PICHEL 


Dy.a.do.bac' ter. G. n. dyas two in number, pair; N.L. masc. n. bacter from the Gr. n. baktron rod or staff; N.L. 


masc. n. Dyadobacter rod or staff occurring in pairs. 


Rods, 0.75-2 um in length, in straight to curved arrange- 
ments, occurring in pairs (Figure 71) in young cultures and 
forming chains of coccoid cells in old cultures. Nonmotile. 
Nonsporeforming. Gram-stain-negative. Aerobic, chemoor- 
ganoheterotrophs, unable to hydrolyze cellulose or starch or 
gelatin. Oxidase- and catalase-positive. Cells produce a non-dif- 
fusible, yellow, flexirubin-like pigment. The major fatty acids 
are C, iso, C,,, @5c and C,., w7c. 

DNA G+C content (mol % ): 44-49. 

Type species: Dyadobacter fermentans Chelius and Triplett 
2000, 756%". 


FIGURE 71. Scanning electron micrograph showing the arrangement 
of cells of Dyadobacter. 


Further descriptive information 


The genus belongs to the family Cytophagaceae in the order 
Cytophagales of the phylum Bacteriodetes, and presently contains 
six species, Dyadobacter fermentans (Chelius and Triplett, 2000), 
Dyadobacter crusticola (Reddy and Garcia-Pichel, 2005), Dyado- 
bacter hamtensis (Chaturvedi et al., 2005), Dyadobacter ginsengisoli 
(Liu et al., 2006), Dyadobacter beijingensis (Dong et al., 2007), 
and Dyadobacter koreensis (Baik et al., 2007a). 

Dyadobacter species grown in trypticase soy agar (TSA) or R2A 
medium! contain C,., iso (19-30%), C,,, @5c (8-20%), and 
Cu 07c (14-40%) as major fatty acids, with 20-60% of all fatty 
acids being the unsaturated fatty acids [C,,, @5cand C,,, 7c]. 
The minor fatty acids common to all strains are Cj, and Ciso 
3-OH. Inasmuch as C,,., 5c is present as a major fatty acid only 
in the species of the genus Dyadobacter, it can be readily used as 
a signature molecule to differentiate the genus Dyadobacterfrom 
other genera of the Cytophagaceae. Fatty acid profiles can also be 
used to differentiate among Dyadobacter species. C,,,, iso 3-OH, 
for example, is absent from Dyadobacter crusticola but the most 
abundant fatty acid in the other five species. C, ,, is absent from 
Dyadobacter fermentans and Dyadobacter ginsengisoli but present in 
the other four, as is Ciir iso. Similarly, C so iso 3-OH is absent 
in Dyadobacter hamtensis but present in all the other strains, and 
more significantly the fatty acid C,, , iso 2-OH is present only in 
Dyadobacter beijingensis and not in others. 

All the species of Dyadobacter are yellow due to a non-diffus- 
ible flexirubin-like pigment with absorption maxima at around 
428, 452, and 476 nm (Figure 72; wavelengths of peak absorp- 
tion may vary slightly among species) and with a characteristic 
bathochromic shift (from yellow to orange and then to red) 
upon reaction with alkali that distinguishes them from caro- 
tenoids (Reddy and Garcia-Pichel, 2005; Weeks, 1981). These 
flexirubin-like pigments are not very common among bacteria 
and are therefore of considerable chemotaxomic value. 
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FIGURE 72. A typical absorption spectrum of flexirubin-like pigment 
of Dyadobacter crusticola in ethanol (solid line) and alkaline ethanol 
(dotted line). 


The six species of the genus Dyadobacter grow well on R2A 
solid medium at room temperature, forming visible colonies 
in 24—48 h. However, their physiological adaptation to extreme 
conditions of temperature, pH, and salinity varies widely. For 
instance, the type strains of Dyadobacter fermentans, Dyadobacter 
hamtensis, and Dyadobacter beijingensis can grow from 4 to 37°C, 
with an optimum growth temperature of 28°C and pH 7. Dyado- 
bacter crusticola, Dyadobacter ginsengisoli, and Dyadobacter koreensis, 
by contrast, can grow from 4 to 30°C, pH 6-8, and can toler- 
ate a salt concentration of 1%, with a temperature optimum of 
25°C and pH 7. Among the six species, only Dyadobacter crusti- 
cola, Dyadobacter ginsengisoli, and Dyadobacter koreensis, can grow 
at 5°C, albeit slowly, and thus can be deemed psychrotolerant. 
Dyadobacter hamtensis is clearly halotolerant, growing in NaCl 
concentration up to 11.6%, whereas Dyadobacter koreensis can 
tolerate a pH of 11, indicating that it is alkali tolerant. All the 
strains can grow on various rich organic media such as nutrient 
agar, TSA, and R2A, and type strains of Dyadobacter fermentans 
and Dyadobacter hamtensis can grow on Ayer’s agar and peptone 
water as well (other species were not tested for growth on above 
two media). As shown in Table 91, differences in the metabolic 
versatility of the six species are substantial, ranging from the 
rather restricted capabilities of Dyadobacter crusticola to the wide 
array of carbon sources used by Dyadobacter hamtensis. 

So far, there seems to be no unifying theme to the ecologi- 
cal habitat or role of Dyadobacter species. Dyadobacter could be 
a genus of adventitious, generalist bacteria, but, with only a 
few species isolated, it is probably too early to infer such a pat- 
tern. The six species originate from disparate habitats and 
show widely different carbon use profiles and even divergent 
physiological ranges for growth Table 91. The single available 
strain of Dyadobacter fermentans was isolated from internal tissue 
of Zea mays (i.e., surface-sterilized plant stems), but because 
the authors could demonstrate neither a beneficial nor a det- 
rimental effect of the bacterium on the plants, its true habi- 
tat and role remain unclear. Interestingly, putative members 
of Dyadobacter have been isolated from surface-sterilized soil 
nematode cysts on plates of rich media (Nour et al., 2003). 
Dyadobacter crusticola was isolated from biological soil crusts 
(BSCs; Garcia-Pichel, 2002) where it is thought that cyanobac- 
terial exudates serve as a source of carbon and nitrogen, and 
exopolysaccharide production contributes to crusting of the 
soil. However, extensive surveys of soil crust environments 
using cultivation-independent, DNA-based methods have 
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not yet detected Dyadobacter (Nagy et al., 2005; Reddy and 
Garcia-Pichel, 2006; Smith et al., 2004), indicating that they 
are not a major heterotrophic component of these commu- 
nities; thus, their role remains to be clarified as well. Dyado- 
bacter hamtensis was isolated from melt water from a Himalayan 
glacier and Dyadobacter koreensis was isolated from fresh water. 
By contrast, Dyadobacter ginsengisoli and Dyadobacter beijingensis 
were isolated from soil and rhizosphere-associated soil, respec- 
tively. The ecological role of all the above species too was not 
directly studied. 


Enrichment and isolation procedures 


Species of Dyadobacter have been isolated by directly plating on 
agar-solidified, relatively rich media (such as R2A or BG11-PGY) 
and incubated at ambient temperature in the dark for up to 
15 d. Their yellow pigmentation and the typical cell shape and 
cell aggregation patterns that are readily observable under the 
compound microscope in a wet or dry mount, provide an easy 
system for preliminary identification on enrichment cultures. 
Repeated streaking of single colonies usually yields axenic, 
clonal strains with a few iterations. Inocula used successfully 
include surface sterilized maize stems, surface sterilized soil 
nematode cysts, biological soil crusts from arid lands, glacier 
melt waters, soil, rhizosphere-associated soil, and fresh water. 


Maintenance procedures 


Stock cultures of Dyadobacter species can be maintained under 
aerobic conditions on a suitable medium such as R2A or 10x 
PGY or nutrient agar by monthly transfer onto fresh plates. 
Cultures also can be stored as glycerol stocks (18% glycerol) at 
-80*C. However, the best method of storing for many years is 
lyophilization and freezing at -80°C, which they tolerate with 
high recovery. 


Procedures for testing special characters 


Colonies of Dyadobacter are colored yellow due to the presence 
of flexirubin-like pigment, and the presence of flexirubin, a 
characteristic feature of the genus, can be tested directly (and 
differentiated from carotenoid pigments) by adding a drop of 
20% KOH onto colonies of Dyadobacter. This will cause change 
in the color of the pigment from yellow to orange and then 
to red (Reddy and Garcia-Pichel, 2005; Weeks, 1981). This 
alkali-driven shift can be also carried out on ethanolic extracts 
and quantified spectroscopically (Figure 72). Carotenoid-like 
absorption maxima at 428, 452, and 478 nm broaden upon 
addition of 1% KOH (final concentration) and an additional 
peak appears around 330 nm. 


Differentiation of the genus Dyadobacter from 
other genera of the family Cytophagaceae 


The phylogenetically closest genera Runella and Spirosoma 
(Figure 73) can be differentiated from Dyadobacter on the basis 
of pigment, cell morphology, and its variation during the growth 
cycle as well as fatty acid composition. For instance, unlike Dya- 
dobacter, Runella has salmon colored colonies, no flexirubin, no 
cell morphology variation during the growth cycle, and lacks the 
fatty acid C,,, 5c. Spirosoma has no cell morphology variation 
during the growth cycle, degrades gelatin and starch, contains 
the fatty acids C,,, and C, iso, and lacks C,, iso, C,,, 5c, and 


C,,, 07c. Within the Cytophagaceae, variable cell morphology is 
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TABLE 91. Characteristics that differentiate the species of the genus Dyadobacter 


= " 
= I = g a 
2 : = J 2 Š 
H i^ — E E = 
x "à us : 2 
` z š š S Š 
S š E & E = 
Characteristic q q S q q q 
Source Plant Soil crusts Glacier Soil Rhizosphere- Freshwater 
(Zea mays) water associated 
Maximum salt tolerance (as NaCl; w/v) 1.5 1.0 11.0 1.0 1.5: 1.0 
pH 6-8 6-8 6-8 5.5-8 6-8 5-9.011 
Growth at 5°C - + _ + + + 
Maximum growth temperature (°C) 37 30 37 30 35 30 
Lipase = + _ = nd B 
Phosphatase - + + nd nd + 
Esculin hydrolysis + + = = + + 
Nitrate reduction - - - + _ _ 
Lysine decarboxylase + = = nd = = 
Oxidation/fermentation: 
Glucose + _ + _ + _ 
Sucrose + _ _ _ _ _ 
Acid from: 
p-Glucose t - + _ + nd 
Sucrose + _ _ _ + nd 
D-Fructose - + _ nd + nd 
p-Maltose + _ _ nd nd nd 
D-Arabinose, p-xylose + = + = = nd 
Carbon compounds utilized: 
Sodium acetate + _ + _ _ nd 
p-Adonitol _ - + + + _ 
D-Arabinose + _ _ _ + 
L-Arabinose t - + + + + 
Cellulose, dextran _ _ + _ nd nd 
Citric acid _ _ + _ + nd 
Dulcitol w + _ _ + _ 
p-Fructose + _ _ + + + 
Fumarate + _ + _ nd nd 
p-Galactose + - + + + + 
Glycerol w = + = = = 
meso-Inositol + + _ _ + _ 
Inulin + + + + + - 
Lactic acid _ + + - - nd 
Malonate + _ + _ nd nd 
p-Mannitol + + _ _ + _ 
D-Mannose + _ _ + + + 
L-Melibiose t t - t t t 
L-Rhamnose, D-rhamnose t - - t - w 
p-Ribose _ + _ _ _ _ 
L-Sorbose t - + _ _ _ 
p-Sorbitol w + _ _ _ _ 
Tartrate + _ + _ _ 
D-Xylose + + = + + + 
Glycine + - * - nd nd 
L-Alanine, L-asparagine, L-aspartic acid, L-cysteine, = = + nd nd nd 
L-glutamic acid, r-histidine, L-isoleucine, 
L-eucine, L-phenylalanine, L-proline, L-serine, 
L-threonine. L-tyrosine, L-valine 
L-Arginine, L-glutamine, L-lysine, L-methionine, + = + = nd nd 


L-tryptophan 


(Continued) 
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TABLE 91. (Continued) 
= = Ex = 
š š E š S Ë 
& Š E "By 3 E 
Characteristic S S S S S S 
Sensitivity to antibiotics (u g/disc): 
Amoxycillin (30) nd nd R nd S R 
Ampicillin (25), chloramphenicol (30), R R S R S S 
streptomycin (25) 
Ciprofloxacin (30) S R S nd nd R 
Colistin (10) R R S nd nd nd 
Erythromycin (15) R R R nd S nd 
Gentamicin (10) R S R nd S S 
Kanamycin (30) R nd S R S nd 
Lincomycin (20) nd nd R nd S R 
Novobiocin (30) R S R nd nd S 
Rifampin (25) R S S R R S 
Roxithromycin (30) R R S nd S nd 
Tetracycline (100) S S S R R R 
Trimethoprim (25) R R S nd nd nd 
Vancomycin (10) S R R nd R S 
DNA G+C content (mol%) 48 48 49 48 49.2 44 
16S rRNA gene sequence similarity: 
D. fermentans 100 95.9 95.2 96.4 97.4 95.2 
D. crusticola 95.9 100 95.7 96.0 94.5 95.2 
D. hamtensis 95.2 95.7 100 96.4 94.4 98.0 
D. ginsengisoli 96.4 96.0 96.4 100 96.4 96.6 
D. beijingensis 97.4 94.5 94.4 96.4 100 94.6 
D. koreensis 95.2 95.2 98.0 96.6 94.6 100 
Composition of cellular fatty acids: 
D - 0.7 1.23 - 0.6 0.7 
2,4, 180 - 0.5 3.7 - 0.5 - 
21549 180 22.85 28.24 24.69 23.0 19.2 24.2 
Cso anteiso = s = = 1.0 = 
C, @5c 14.28 15.5 19.75 7.9 10.3 11.0 
Cu 076 28.57 39.4 14.81 44.6 17.5 34.8 
Cico 5.71 13.6 8.64 11.0 2.9 9.4 
“18.0 ~ 1.9 B ~ ~ B 
higi - 0.34 2.46 - _ _ 
Cz. iso 2-OH - - = = 23.4 _ 
Cz. iso 3-OH 2.9 2.4 - 3.9 2.6 2.8 
Ciso iso 3-OH 2.85 0.5 2.46 2.3 3.1 2.5 
C; iso 3-OH 22.85 ú 22.22 7.6 12.4 9.5 
Unknown 1.3 0.3 - - 2.1 - 


*Symbols: +, positive; —, negative or absent; w, weak; R, resistant; S, sensitive; nd, not done. 


"Data from Chelius and Triplett (2000). 
*Data from Reddy and Garcia-Pichel (2005). 
*Data from Chaturvedi et al. (2005). 

*Data from Liu et al. (2006). 

'Data from Dong et al. (2007). 

sData from Baik et al. (20072). 


a hallmark of Dyadobacter, but it is also a trait of Flectobacillus. 
The latter genus, however, is pink-pigmented, not yellow, and 
does not contain flexirubin. The genus Dyadobacter can further 
be differentiated from Flectobacillus on the basis of fatty acid 
composition: members of Dyadobacter contain C,,, @5cand Cea 
7c as major fatty acids and lack C,,, iso (Table 92). Besides 


17:0 


Dyadobacter, five other genera contain flexirubin-like pigments. 
However, compared to other genera, Dyadobacter is in the only 
one that contains the fatty acid C,, , @5c and varies in morphol- 
ogy and aggregation during its growth cycle (Table 92). Other 
genus-specific characteristics that differentiate Dyadobacter 
from closely related genera are listed in Table 92. 
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100 r-Dyadobacter koreensis WPCB 159 T 
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FIGURE 73. Neighbor-joining (NJ) tree based on 16S rRNA gene sequence (1337 nucleotides) showing the phy- 
logenetic relationship between Dyadobacter and other related genera of the phylum Bacteroidetes. Bootstrap values 
(expressed as percentages of 1000 replicates) greater than 40% are given at nodes. 


Taxonomic comments 


The genus Dyadobacter was established to accommodate the 
bacteria that are straight to curved, occur in pairs in young 
cultures and produce a non-diffusible, yellow, flexirubin-like 
pigment (Chelius and Triplett, 2000). The six currently known 
species (Dyadobacter fermentans, Dyadobacter crusticola, Dyado- 
bacter hamtensis, Dyadobacter ginsengisoli, Dyadobacter beijingensis, 
and Dyadobacter koreensis) possess the above characteristics and, 
therefore, can be grouped within the genus. All six species have 
a 16S rRNA gene sequence similarity of 94.4—98.0%. The high- 


est similarity of 98.0% was between Dyadobacter hamtensis and 
Dyadobacter koreensis, followed by Dyadobacter fermentans and Dya- 
dobacter beijingensis (a similarity of 97.4%). Since their similarity 
was >97.0%, DNA-DNA hybridization was performed between 
Dyadobacter hamtensis vs Dyadobacter koreensis and Dyadobacter 
Jermentans vs Dyadobacter beijingensis, and showed DNA-DNA 
similarities of 19.4 and <25%, respectively. Thus, according to 
the criteria set for discriminating species (Stackebrandt and 
Goebel, 1994), they all are distinctly new species. Although 
their number is small (six), these species, interestingly, seem 
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TABLE 92. Characteristics that differentiate the genus Dyadobacter from other related genera" 
E É & 
š S š E $ s E E 3 
2s D š x = = = S S 
Characteristic S Bs a = ° = = š M = 
Colony color Yellow Salmon Yellow Pink Bright Orange Orange Orange Orange Orange 
yellow 
Motility - = B - Gliding Gliding Gliding Gliding - Gliding 
Spiral like = + + = = = = = 
Filamentous + + + + + + _ u 
Cell morphology variation + - + - - - - - 
DNA G«C content (mol%) 48 49 51-53 40 39 37 44 44.5 33 40.3 
Catalase + w + w na na + + + 
Oxidase + + + + + na - * * * 
Flexirubin reaction + _ + + na = + + + 
Degradation of: 

Gelatin = - * w = D + + + = 
Starch = w w + - D * * * E 
Major fatty acids Cy) SO, Gay C,5,150, Cier Ci, C, C, iso, na na na Ciso so, Cj, iso C,,, C, iso, 
05¢,C,,,@7¢ w7c/C,,,, iso iso C, iso C,  @7¢/C,,, iso C,, iso 

2-OH 2-OH 


“Symbols: +, 90% or more of strains are positive; —, 10% or less of strains are positive; w, weakly positive; D, different reactions occur in different taxa (species of a 


genus); na, not available. 

"Data from Chelius and Triplett (2000). 
‘Data from: Yi and Chun (2004). 

“Data from Nedashkovskaya et al. (2003). 
*Data from Weon et al. (2005). 

‘Data from Yoon et al. (2005). 


to have a kind of habitat relationship. For instance, the spe- 
cies Dyadobacter fermentans and Dyadobacter beijingensis have 
been isolated from closely related habitats — the root nodules 
or rhizosphere-associated soil — and exhibit a 16S rRNA gene 
sequence similarity of 97.4%. Similarly, Dyadobacter hamtensis 
and Dyadobacter koreensis were isolated from water samples and 
share a 16S rRNA gene sequence similarity of 98.0%. 
Phylogenetic analysis based on 1337 nucleotides of the 16S 
rRNA gene sequence (base positions 47-1418 using Escherichia 
coli numbering, accession number J01695) indicate that species 
of the genus Dyadobacter, in accordance with their generic sta- 
tus, form a deeply rooted, monophyletic, and statistically very 
well supported clade (Figure 73). The species of Dyadobacter 
share a 16S rRNA gene sequence similarity of 94.0-98.0%, but 
it is less than 87% with other genera of the family Cytophagaceae. 
They share a sequence similarity of 86-87% with members of 
the genus Runella and ca. 83% with those of Spirosoma, these 
two genera being the genera most closely related to Dyadobacter. 


According to Reddy and Garcia-Pichel (2005), three variable 
regions (region I: 182-207, region II: 590-649, and region III: 
835-848) contribute most to the 16S rRNA gene sequence 
variability among known Dyadobacter strains. Analysis of these 
regions alone is sufficient to differentiate at the species level. 


Differentiation of the species of the genus Dyadobacter 


The six Dyadobacter species are biochemically and physiologi- 
cally divergent, exhibiting very significant and easily recogniz- 
able differences, particularly in carbon utilization patterns and 
temperature and pH ranges for growth. Temperature, pH, and 
NaCl tolerance are particularly useful in differentiating Dyado- 
bacter crusticola, Dyadobacter koreensis, and Dyadobacter hamtensis 
from other species. The pattern of sugar and amino acid utiliza- 
tion can also be easily used to distinguish among the species. 
An extensive list of differentiating tests and traits is presented 
in Table 91. 


List of species of the genus Dyadobacter 


1. Dyadobacter fermentans Chelius and Triplett 2000, 756% 
fe.rmen'tans. L. part. adj. fermentans causing fermentation. 


The characteristics are as described for the genus and as 
listed in Tables 91 and 92, with the following additional fea- 
tures. Colonies of Dyadobacter fermentans are yellow pigmented 
and can grow to a diameter of 2-3 mm. Growth occurs at 
15-37°C, 0-1.5% NaCl, and pH 6-8, with an optimum tem- 
perature of 28°C and optimum pH of 7. No hydrolysis of agar, 


gelatin, starch, and cellulose occurs. Growth occurs on starch, 
fumarate, 5-ketogluconate, malate, malonate, sucrose, eryth- 
ritol, D- and L-xylose, B-methylxyloside, D-glucose, methyl 
a-D-mannoside, methyl a-p-glucoside, N-acetylglucosamine, 
amygdalin, arbutin, salicin, cellobiose, maltose, lactose, sucrose, 
trehalose, melezitose, D-raffinose, xylitol, gentiobiose, 
D-turanose, D-tagatose, and D- and r-fucose. Dyadobacter fer- 
mentans can ferment glucose and sucrose and produce acid 
from ribose. The principal fatty acids are (for cultures on 
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R2A medium) C 
(28.6%), C 
(22.9%). 
Source: surface-sterilized Zea mays (cv. Mo17) stem. 
DNA G+C content (mol % ): 48 (HPLC). 
Type strain: NS114, ATCC 700827, CIP 107007. 
Sequence accession no. (16S rRNA gene): AF137029. 


15 180 (22.9%), C 
(5.7%), C 


e@5ç (14.3%), Cı 7c 
iso 3-OH 
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3-OH (2.9%), and C 
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. Dyadobacter beijingensis Dong, Guo, Zhang, Qiu, Sun, Gong 
and Zhang 2007, 864‘? 


beijing.en.sis. N.L. masc. adj. beijingensis pertaining to 
Beijing. 

The characteristics are as described for the genus and as 
listed in Tables 91 and 92, with the following additional fea- 
tures. Colonies on R2A agar are yellow, mucoid, flaky, con- 
vex, and smooth. The pigment present is of the flexirubin 
type, with absorption maxima at 428, 452, and 478 nm. 
Growth occurs at 4—35°C (optimum 28°C) but not at 37°C. 
Growth occurs at pH 6-8 (optimum pH 7) and in the 
presence of up to 1.5% NaCl. Growth occurs in peptone 
water, on Luria-Bertani (LB) medium, and R2A medium. 
No hydrolysis occurs of urea, gelatin, casein, cellulose, and 
starch. H,S is not produced. The methyl red, indole, and 
Voges-Proskauer tests are negative. Acid is produced from 
D-galactose and p-rhamnose. The following substrates are 
utilized as sole carbon sources: erythritol, methyl -p- 
xylopyranoside, D-glucose, methyl o-p-mannopyranoside, 
methyl a-p-glucopyranoside, arbutin, citrate, salicin, D- 
cellobiose, p-maltose, p-lactose, D-melibiose, sucrose, D- 
trehalose, p-melezitose, p-raffinose, gentiobiose, and p-fucose. 
No utilization occurs of glycerol, myo-inositol, Macetylglu- 
cosamine, amygdalin, xylitol, p-turanose, p-lyxose, L-fucose, 
p-arabitol, L-arabitol, glycogen, p-tagatose, starch, potassium 
gluconate, potassium 2-ketogluconate, potassium 5-ketoglu- 
conate, and methanol. Cells are sensitive to (ug/disc) acetyl- 
spiramycin (100), carbenicillin (100), cephalothin (30), 
norfloxacin (10), penicillin (10), and spectinomycin (10), 
but are resistant to levofloxacin (100). The principal fatty 
acids are (culture grown on R2A medium) C,,, (0.6%), C,,,, iso 
(0.5%), C, , iso (19.2%), C... anteiso (1.0%), C, 5c (10.3%), 
Cisa @7¢ (17.5%), C, (2.996), Ciso iso 2-OH (23.4), C; iso 
3-OH (2.6), Ciso SOH (3.1%), C,,, iso 3-OH (12.4%), and 
unknown (2.196). 

Source: the rhizosphere of turf grasses. 

DNA G+C content (mol % ): 49.2 (T. ). 

Type strain: A54, CGMCC 1.6375, JCM 14200. 

Sequence accession no. (16S rRNA gene): DQ335125. 


. Dyadobacter crusticola Reddy and Garcia-Pichel 2005, 1298? 


crus.ti'co.la. L.n. crusta crust; L. suff. -cola (from L. n. incola), 
dweller; N.L. n. crusticola, a dweller of crust. 


0 


The characteristics are as described for the genus and as 
listed in Tables 91 and 92, with the following additional fea- 
tures. The colonies of Dyadobacter crusticola are mucoid, con- 
vex, round, and smooth and can grow to a size of 2-3 mm 
in diameter. Growth occurs at 5-30°C, 0-1.0% NaCl, and 
pH 6-8, with an optimum temperature of 25°C and pH of 7. 
Cells are positive for f-galactosidase but negative for urease, 
DNase, arginine decarboxylase, ornithine decarboxylase, 
phenylalanine deaminase, arginine dihydrolase, methyl red 


FAMILY I. CYTOPHAGACEAE 


test, Voges-Proskauer test, indole production, and Simmons' 
citrate test. Casein and cellulose are not hydrolyzed. H,S is 
not produced. Acid is produced from p-fructose but not from 
D-galactose, lactose, D-mannitol, p-sorbitol, and p-xylose. 
L-Arabinose, D-galactose, D-maltose, and p-xylose are fer- 
mented, but not D-fructose, lactose, D-mannose, and 
D-sorbitol. p-Cellobiose, glucose, lactose, D-fructose, 
p-raffinose, sucrose, and p-trehalose are used as sole carbon 
sources but not citrate, ethanolamine, fumaric acid, pyruvate, 
succinate, adenine, cytosine, guanine, thymidine, nicotinic 
acid, oxalate, tartaric acid, indole, and phenanthrene. Cells 
are sensitive to (ug/disc): carbenicillin (100), doxycycline 
(30), and polymyxin B (300), but are resistant to azithromy- 
cin (15), aztreonam (30), bacitracin (10), ceftriaxone (30), 
cephalothin (30), ethambutol (50), nitrofurantoin (150), 
penicillin (10), sulfisoxazole (300), and sulfathiazole (300). 
The pigment present is a flexirubin type with absorption 
maxima at 428, 452, and 478 nm. The polar lipids present are 
phosphatidylserine, phosphatidylglycerol and diphosphati- 
dylglycerol (cardiolipin). The principal fatty acids are (cul- 
ture grown on R2A medium) C,,, (0.7%), C,., iso (0.5%), 
Ciso iso (28.2%), C,,, @5c (15.5%), Ciesa 7c (39.4%), C 
(13.6%), Ciso 3-OH (0.5%), Ciso (1.9%), and C,,, (0.3). 

Source: biological soil crusts. 

DNA G+C content (mol96): 48 (T). 

Type strain: CP183-8, ATCC BAA-1036, DSM 16708. 

Sequence accession no. (16S rRNA gene): AJ821885. 
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. Dyadobacter ginsengisoli Liu, Im, Lee, Yang and Lee 2006, 


1941 
gin.sen.gi.so.li. N.L. n. ginsengum ginseng; L. n. solum soil; 
N.L. gen. n. ginsengisoli of the soil of a ginseng field. 


The characteristics are as described for the genus and 
as listed in Tables 91 and 92, with the following additional 
features. Cells are 0.6-0.8 x 3.0-6.0 um after 2 d on R2A 
agar. Colonies on R2A agar for 2 d are smooth, circular, 
transparent, and yellowish. Growth occurs at 4-30^C and 
at pH 5.5-8.5; no growth occurs at 37°C. Growth occurs in 
the absence of NaCl and in the presence of 1.0% NaCl, but 
not with 206 NaCl. Anaerobic growth does not occur. DNA, 
chitin, and xylan are not hydrolyzed. p-Lyxose, N-acetylglu- 
cosamine, salicin, D-lactose, D-maltose, and p-melibiose are 
utilized as sole carbon sources, but not p-fucose, ethanol, 
L-xylose, pyruvic acid, formic acid, propionate, 3-hydroxy- 
butyrate, valerate, caprate, maleic acid, phenylacetate, ben- 
zoic acid, 3-hydroxybenzoate, 4-hydroxybenzoate, malate, 
succinic acid, glutaric acid, itaconate, adipate, suberate, 
oxalic acid, gluconate, xylitol, amygdalin, methanol, or gly- 
cogen. Cells are resistant to (ug/disc), carbenicillin (100) 
and hygromycin (100) but sensitive to streptomycin (100). 
The predominant menaquinone is MK-7. The principal 
fatty acids are (culture grown on R2A medium) Cso iso 
(23.076), C,,, 5c (7.996), C,,, 7c (44.6%), Ciso (11.0%), 
Ciso iso 2-OH (3.9), Ci; iso 3-OH (2.3), and C,,, iso 3-OH 
(7.696). 

Source: the soil of a ginseng field in Pocheon province, 
South Korea. 

DNA G+C content (mol96): 48 (HPLC). 

Type strain: Gsoil 043, KCTC 12589, LMG 23409. 

Sequence accession no. (16S rRNA gene): AB245369. 
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5. Dyadobacter hamtensis Chaturvedi, Reddy and Shivaji 2005, 
2116% 
ham.ten'sis. N.L. masc. adj. hamtensis pertaining to the gla- 
cier Hamta. 


The characteristics are as described for the genus and 
as listed in Tables 91 and 92, with the following additional 
features. Colonies on nutrient agar are round, 2-3 mm in 
diameter, and light yellow. Growth occurs at 10-37°C and pH 
6-8, but not at pH 10. The optimum temperature and pH for 
growth are 22°C and pH 7. The organisms are positive for 
arginine decarboxylase and f-galactosidase, but negative for 
urease, arginine dihydrolase, citrate utilization, H,S produc- 
tion, methyl red test, indole test, and Voges—Proskauer test. 
Acid is not produced from p-ribose, D-galactose, L-rhamnose, 
D-lactose, and D-mannose. The following compounds are uti- 
lized as sole carbon sources: sucrose, Nacetylglucosamine, 
methyl a-p-mannoside, methyl a-p-glucoside, L-fucose, melez- 
itose, D-cellobiose, sucrose, D-trehalose, D-lactose, D-raffinose, 
amygdalin, dextran, glycogen, arbutin, salicin, p-erythritol, 
citrate, malonate, citric acid, 2-ketogluconate, inulin, sodium 
formate, sodium fumarate, sodium malate, sodium tartrate, 
polyethylene glycol, and L-creatinine, but not p-maltose, 
gluconate, hydroxybutyric acid, sodium succinate, sodium 
pyruvate, thioglycolate, starch, methanol, and agar. Cells are 
sensitive to (ug/disc): cefoperazone (75), cefotaxime (10), 
doxycycline (30), sulfamethoxazole (50), nalidixic acid (30), 
norfloxacin (10), lomefloxacin (30), tobramycin (15), and 
amikacin (30), but resistant to co-trimoxazole (25), nitro- 
furantoin (300), penicillin (10), cefuroxime (20), cefazolin 
(30), and bacitracin (10). The principal fatty acids are (cul- 
ture grown on R2A medium) C,,, (1.2%), C,., iso (3.7%), 
Ciso iso (24.7%), C,,., bc (19.8%), Cu, 7c (14.8%), Cico 
(8.6%), Ceo OH (2.5%), C,,, (2.5%), and C,,, iso 3-OH 
(22.2%). 
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Source: a glacial water sample. 
DNA G+C content (mol % ): 49 (T). 


Type strain: HHS 11, JCM 12919, MTCC 7023. 
Sequence accession no. (16S rRNA gene): AJ619979. 


6. Dyadobacter koreensis. Baik, Kim, Kim, Kim and Seong 
2007a, 1228Y? 


ko.re.en'sis. N.L. masc. adj. koreensis pertaining to Korea. 


The characteristics are as described for the genus and as 
listed in Tables 91 and 92, with the following additional fea- 
tures. Cells grow best on media such as R2A, plate count agar 
(PCA), and trypticase soy agar (TSA), but weakly on nutrient 
agar (NA). Colonies on TSA are circular, low-convex, entire 
margin, smooth, translucent, light yellow, and approximately 
3.0 mm in diameter after 5 d at 25°C. Growth occurs at pH 
5-11 (optimum pH 7) and at 4-30*C (optimum 25?C). Neg- 
ative for gelatinase, arginine dihydrolase, urease, ornithine 
decarboxylase, and tryptophan deaminase. f-Galactosidase is 
present. H,S and indole are not produced. Glucose and sali- 
cin are utilized as sole carbon and energy sources. Cells are 
sensitive to (ug/disc): amikacin (30), sulbactam (20), cefo- 
taxime (30), imipenem (10), piperacillin (100), teicoplanin 
(30), and isepamicin (30), but resistant to aztreonam (30), 
clavulanic acid (20/10), bacitracin (10), cefepime (30), cef- 
metazole (30), ceftazidime (30), ciprofloxacin (5), moxalac- 
tam (30), oxacillin (1), piperacillin/tazobactam (100), and 
tobramycin (10). The major fatty acids are (culture grown 
on R2A medium) C,,, (0.7%), Ciso iso (24.296), Cu, @5¢ 
(11.096), C,.., 7c (34.8%), Ciso (9.4%), Ciso iso 3-OH (2.8), 
Ciso 9-OH (2.5%), and C, iso 3-OH (9.5%). 

Source: freshwater of Woopo wetland, Republic of Korea. 

DNA G+C content (mol % ): 44 (T). 

Type strain: WPCB159, KCTC 12534, NBRC 101116. 

Sequence accession no. (16S rRNA gene): EF0177660. 


Genus V. Effluviibacter Suresh, Mayilraj and Chakrabarti 2006, 1706"* 


THE EpiroRIAL BOARD 


Ef.flu.vi.i.bac'ter. L. neut. n. effluvium outflow; N.L. masc. n. bacter rod; N.L. masc. n. Effluviibacter rod from 
an outflow, referring to the source of isolation of the first strain. 


Irregular rods 0.3-0.5 x 1.0-3.0 um. Nonmotile. No gliding 
motility. Nonsporeforming. Gram-stain-negative. Obligate aer- 
obes. Colonies are deep pink. Oxidase- and catalase-positive. 
Starch and casein are hydrolyzed. Fructose and lactose are 
utilized. Acid is produced from glucose. The major respiratory 
quinone is MK-7. The predominant whole-cell fatty acids are 
Cz iso I/anteiso B (36.7%), C,,,, iso (15.8%), and C, iso 3-OH 
(10.3%). 

DNA G+C content (mol % ): 59.5. 

Type species: Effluviibacter roseus Suresh, Mayilraj and 
Chakrabarti 2006, 1706". 


Enrichment and isolation procedures 


A sample of muddy water was serially diluted in physiological 
saline (0.9% NaCl) and plated onto nutrient agar. After pro- 
longed incubation at 30°C, a small, pink, mucoid colony was 
selected and purified. 


Differentiation of the genus Effluviibacter from other genera 


Effluviibacter roseus cells are irregular rods, whereas Pontibacter 
actiniarum, Adhaeribacter aquaticus, and Hymenobacter roseosali- 
varius cells are uniform in shape. Effluvtibacter roseus does not 
exhibit gliding motility, whereas Pontibacter actiniarum does. In 
contrast to Pontibacter actiniarum, Effluviibacter roseus hydrolyzes 
casein and starch, utilizes fructose and lactose, produces acid 
from glucose, grows at 4°C but not at 42°C, exhibits sensitiv- 
ity to gentamicin and streptomycin, and has a higher mol% 
G+C of its DNA (59.5 vs 48.7). Effluviibacter roseus differs from 
Adhaeribacter aquaticus by growing in the presence of 8.0% NaCl, 
hydrolyzing starch, producing acid from glucose, utilizing lac- 
tose but not adonitol and myo-inositol, and by having a higher 
mol% G+C of its DNA (59.5 vs 40.0). Effluviibacter roseus differs 
from Hymenobacter roseosalivarius by growing in the presence of 
8.0% NaCl, utilizing fructose, and having a higher mol% G+C 
of its DNA (59.5 vs 56.0) (Suresh et al., 2006). 
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Taxonomic comments 


Phylogenetic analysis based on 16S rRNA gene sequences 
indicate that the nearest neighbor of Effluviibacter roseus is 


FAMILY I. CYTOPHAGACEAE 


Pontibacter actiniarum (95.5% similarity) , followed by Adhaeribacter 
aquaticus (89.0%) and Hymenobacter roseosalivarius DSM 116227 
(88.996) (Suresh et al., 2006). 


List of species of the genus Effluviibacter 


1. Effluviibacter roseus Suresh, Mayilraj and Chakrabarti 2006, 
1706" 


ro'se.us. L. masc. adj. roseus rose-colored, pink. 


The characteristics are as described for the genus, with the 
following additional features. Colonies on nutrient agar are 
dark pink, circular, convex, smooth, and 2-3 mm in diameter 
after incubation for 6-8 d. Growth occurs at 4-37*C but not at 
42°C. Growth occurs at pH 6.0-10.0. NaCl is tolerated up to a 
concentration of 8%. The following tests are positive: methyl 
red, amylase, protease, lysine decarboxylase, ornithine decar- 
boxylase, and gelatin hydrolysis. Negative tests include: indole 
production, citrate utilization, H,S production, arginine 
dihydrolase, Voges-Proskauer, urease, hydrolysis of esculin 
and Tween 20, and reduction of nitrate to nitrite. D-Fructose, 
D-galactose, D-glucose, lactose, raffinose, and sucrose are 
utilized as sole carbon sources, but not acetate, adonitol, 


arabinose, citrate, fumarate, lactate, myoinositol, salicin, sorbi- 
tol, and succinate. Histidine, L-isoleucine, L-lysine, ornithine, 
L-proline, and glycine are utilized as sole nitrogen sources, 
but not L-arginine, DL-alanine, and L-methionine. Acid is pro- 
duced from p-glucose but not from lactose or sucrose. Suscep- 
tibility occurs toward vancomycin, lincomycin, streptomycin, 
gentamicin, and chlortetracycline, but not toward penicillin 
and tobramycin. The fatty acid profile is dominated by unsatu- 
rated and hydroxy fatty acids, including C,,, iso I/anteiso B 
(36.7%), Ciso iso (15.8%), and C, iso 3-OH (10.3%). The 
phospholipids present are phosphatidylglycerol, diphosphati- 
dylglycerol, and an unknown phospholipid. 

Source: muddy water from an occasional drainage system 
in Chandigarh, India. 

DNA G+C content (mol % ): 59.5 (T. ). 

Type strain: SRC-1, DSM 17521, MTCC 7260. 

Sequence accession no. (16S rRNA gene): AM049256. 


Genus VI. Emticicia Saha and Chakrabarti 2006, 993VP 


THE EpiroRIAL BOARD 


Em.ti.ci'ci.a. N.L. fem. n. Emticicia arbitrarily formed from the acronym MTCC for Microbial Type Culture 
Collection and GenBank, where this investigation was carried out. 


Rods, usually 0.3—0.4 x 2-5 um; in an aged culture, some cells 
may be longer. Cells occur singly and sometimes in pairs. Non- 
motile. No gliding motility. Gram-stain-negative. Oxidase-posi- 
tive. Catalase weakly positive. Growth does not occur on most of 
the common nutritionally rich culture media but does occur on 
100-fold dilutions of these media. Salt tolerance is <1% NaCl. 
Colonies are light pink. Flexirubin pigments are not produced. 
Nitrate is reduced to nitrite. Urease-positive. The predominant 
whole-cell fatty acids are Ciso 180, C,,, iso 3-OH, C,., anteiso, 
summed feature 3 (C,., iso 2-OH and/or Cj. 07C), Cso 180 
3-OH, and C,., 6c. 

DNA G+C content (mol % ): 36.9. 

Type species: Emticicia oligotrophica Saha and Chakrabarti 
2006, 993%". 
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Further descriptive information 


Emticicia oligotrophica does not grow on most of the common 
nutritionally rich culture media such as tryptic soy broth, tryp- 
tic soy agar, yeast extract agar, plate count agar, nutrient broth, 
nutrient agar, Luria-Bertani agar, Mueller-Hinton agar, Zobell 
marine agar, etc. It does grow on modified R2A agar* and on 


*Modified R2A (MR2A) agar contains (g/1): casamino acids, 0.025; yeast extract, 
0.05; peptone, 0.075; glucose, 0.05; soluble starch, 0.05; K,HPO,, 0.03; MgSO -7H,O, 
0.0024; sodium pyruvate, 0.03; and agar, 1.5; pH 7.2. 


marine agar, etc. It does grow on modified RZA Agar and on 
100-fold dilutions of all the above-mentioned media. Agarose 
(1.5%) is used to solidify the diluted media. 


Enrichment and isolation procedures 


Emticicia oligotrobhica was isolated from spring water on TSBA100 
medium (normal strength tryptic soy broth diluted 100 times 
and solidified with 1.596 agarose) by dilution plating, with incu- 
bation at 37°C. 


Differentiation of the genus Emticicia from other genera 


Emlicicia oligotrophica differs from Leadbetterella byssophila by 
the light pink color of its colonies (vs orange for Leadbetterella 
byssophila), reduction of nitrate, hydrolysis of urea, inability 
to degrade tyrosine, lack offlexirubin pigments, inability to grow 
on undiluted tryptic soy agar or other rich media, a relatively 
higher amount of C,., anteiso fatty acid (12.2% of total fatty 
acids vs 0.4%), and a higher mol% G+C value (36.0 vs 33.0). 


Taxonomic comments 


Analysis of 16S rRNA gene sequences by Saha and Chakrabarti 
(2006) indicated that the nearest cultured neighbor of Emticicia 
oligotrophica was Leadbetterella byssophila (87.8% sequence simi- 
larity). Sequence similarities with other members of the phylum 
Bacteroidetes were less than 8596. 


GENUS VII. FLECTOBACILLUS 
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List of species of the genus Emticicia 


1. Emticicia oligotrophica Saha and Chakrabarti 2006, 993°” 


o.li.go.tro'phi.ca. Gr. adj. oligos few; Gr. adj. trophikos nursing, 
tending or feeding; N.L. fem. adj. oligotrophica eating little, 
referring to a bacterium living on low-nutrient media. 


The characteristics are as described for the genus, with the 
following additional features. Colonies on 0.01 x tryptic soy 
agar after 2 d at 37°C are round, mucoid, light pink, and con- 
vex with almost entire margins; with prolonged incubation, 
the colony color deepens, it produces slime and appears glis- 
tening. Temperature range for growth, 15-42^C; pH range 
for growth, 5.0-11.0. Methyl red positive, Voges—Proskauer 
negative. Gelatin, starch, and Tween 60 are hydrolyzed, but 
not casein, o-nitrophenol-f-p-galactoside (ONPG), hypoxan- 
thine, chitin, cellulose [carboxymethyl cellulose (CMC) or 
filter paper], xylan, tyrosine, or Tween 20, 40, or 80. The fol- 
lowing compoundsare utilized as sole carbon sources: D-cello- 
biose, D-lactose, D-melezitose, D-raffinose, and arbutin; weak 
utilization occurs of L-arabinose, L-arabitol, p-amygdalin, 
D-fructose, D-galactose, D-glucose, glycerol, myo-inositol, 


p-melibiose, and sucrose. No utilization occurs of adonitol, 
dulcitol, p-mannitol, p-sorbitol, L-sorbose, or xylitol. Acid is 
produced from arbutin, p-cellobiose, D-glucose, p-lactose, 
methyl a-p-glucoside, salicin, D-trehalose, and pn-xylose. Weak 
acid production occurs from D-galactose, p-maltose, D-man- 
nose, p-melibiose, p-melezitose, and sucrose. No acid is 
produced from adonitol, p-amygdalin, r-arabinose, L-arab- 
itol, dulcitol, esculin, erythritol, D-fructose, D- or L-fucose, 
glycerol, glycogen, myo-inositol, inulin, 2-ketogluconate, 
p-mannitol, p-raffinose, D-ribose, D-sorbitol, L-sorbose, or 
xylitol. Sensitivity is exhibited toward ampicillin, bacitracin, 
chloramphenicol, erythromycin, gentamicin, kanamycin, 
lincomycin, neomycin, novobiocin, norfloxacin, penicillin 
G, polymyxin B, rifampin, streptomycin, sulfasomidine, and 
tetracycline. 

Source: a warm spring water sample from Assam, India. 

DNA G+C content (mol P): 36.9 (T). 

Type strain: GPTSA100-15, DSM 17448, MTCC 6937. 

Sequence accession no. (16S rRNA gene): AY904352. 


Genus VII. Flectobacillus Larkin, Williams and Taylor 1977, 152^-emend. Raj and Maloy 1990, 346"? 
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Flec.to.ba.cil'lus. L. v. FLEcTo to curve; L. masc. n. bacillus a little staff, rod; N.L. masc. n. Flectobacillus little 


curved rod. 


Curved, nonflexible rods with variable degrees of curvature 
from cell to cell. Most cells of Flectobacillus major are shaped 
like the letter C (wide-open rings), and sometimes cell ends 
touch or overlap (closed rings). Coils are less common, and spi- 
ral forms are rare. The outer ring diameter is 5-10 um, and the 
cell width is 0.6-2.0 um. The ends of the cells are tapered or 
rounded or both. Cells of Flectobacillus lacus are almost straight 
rods. Gram-stain-negative. Nonflagellated and nonmotile. Col- 
onies are 2-6 mm in diameter with a pale pink or rose-color 
due to a water-insoluble pigment. No growth occurs in media 
containing seawater or 3.0% NaCl. Aerobic, having a strictly 
respiratory type of metabolism with oxygen as the terminal 
electron acceptor. Oxidase-positive. Chemo-organotrophic but 
not methylotrophic. The natural habitats are freshwater lakes 
and eutrophic ponds. 

DNA G+C content (mol 96): 38.3—40.3. 

Type species: Flectobacillus major (Gromov 1963) Larkin, Wil- 
liams and Taylor 1977, 155^ ( Microcyclus major Gromov 1963, 
733). 


Further descriptive information 


Much of this chapter is taken from the excellent treatment by 
Larkin and Borrall (19842) in the 1st edition of Bergey’s Manual 
of Systematic Bacteriology. It has been updated when information 
that is more recent was needed. 

Cells of Flectobacillus major typically appear as curved rods 
whose degree of curvature varies from nearly straight to cres- 
cent or horseshoe shaped, to rings (see Figure 3.3 in Larkin 
and Borrall, 1984a). An individual cell may be bent in more 
than one plane. Regular and irregular coils and helices as well 
as long sinuous filaments are rarely produced. 


Colonies on MS agar (0.1% peptone, 0.1% yeast extract, 
0.1% glucose, and 1.5% agar) produce a pink, water-insoluble, 
nonfluorescent pigment. The colonies are circular and con- 
vex with an entire margin. Flectobacillus major does not grow on 
eosin methylene blue agar, phenol red mannitol salt agar, phe- 
nylethyl alcohol agar, MacConkey agar, bismuth sulfite agar, or 
Salmonella-Shigella agar. Abundant growth occurs on MS agar, 
peptonized milk agar, yeast extract-acetate-tryptone agar, and 
nutrient agar (Larkin et al., 1977). 

Flectobacillus is chemo-organotrophic and produces an acid 
reaction from a wide variety of carbohydrates including pen- 
toses, hexoses, and disaccharides when incubated aerobically 
in the medium of Hugh and Leifson (1953). Acidification does 
not occur with any sugar alcohols. Casein, cellulose, and chitin 
are not hydrolyzed. Gelatin, tributyrin, and starch are hydro- 
lyzed. Litmus milk is unchanged. Flectobacillus is not known to 
be pathogenic. 


Isolation procedures 


Flectobacillus major can be isolated by repeated streaking of sam- 
ples onto MS agar with incubation at room temperature for up to 
2 weeks. The pink pigmentation of the colonies aids detection. 
Flectobacillus lacus was isolated from a surface sample from a 
highly eutrophic pond. The sample, at ambient temperature, 
was brought back to the laboratory within 15 min; 10-100 ul of 
sample was spread on plates containing the R2A agar medium* 


*R2A agar contains (g/l of distilled water): yeast extract, 0.5; peptone, 0.5; Casa- 
mino acids, 0.5; glucose, 0.5; starch, 0.5; sodium pyruvate, 0.3; K,HPO,, 0.3; 
MgSO,, 0.05; and agar, 15.0. 
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of Reasoner and Geldreich (1985) and incubated at 20°C for 
1 week. Colonies were randomly selected and subsequently 
purified four times on R2A agar at 20°C. 


Maintenance procedures 


Strains of Flectobacillus major are grown on MS or nutrient agar. 
Incubation is at room temperature (25°C) for several days to 
allow abundant growth. The cultures will then survive refrig- 
eration at 4°C for at least 3 weeks. They may also be preserved 
indefinitely by lyophilization. 

Flectobacillus lacus can be maintained at -80°C in R2A broth 
supplemented with 30% (v/v) glycerol. 
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Procedures for testing special characters 


For utilization of single carbon sources, the following medium 
(g/l) is used: MgSO,, 0.2; (NH,),HPO,, 1.0; KH,PO,, 0.5; NaCl, 
1.0; carbon source, 2.0; bromthymol blue, 0.08; agar, 20.0. The 
appearance of growth through four successive subcultures is 
considered positive even in the absence of a color change in 
the pH indicator (Larkin et al., 1977). 


Differentiation of the genus Flectobacillus from other genera 


Table 93 lists characteristics that differentiate the genus Flectoba- 
cillus from other morphologically similar organisms. 


TABLE 93. Differential characteristics of the genera Flectobacillus, Runella, Spirosoma, Cyclobacterium, Ancylobacter, Larkinella, Arcicella, and Polaribacter 


glomeratus*” 
Ed 
E E € * So S 
ES s š Ë š Ë Š š s 
Š 3 Š Š š š E E E 
9 P = Š 3 = E |n E 
š š 3 š * š š š š 3 s 
E š E š š š ° ° š E š 
š š Š Š & <) = = š Š E 
Cell shape: 
Rings formed + = = + + Rare v + 
Coils or helices formed Rare - + - + - nd + _ + 
Gas vacuoles present d = = nd nd 
Growth in media containing = = = = = + _ + + - + 
seawater 
or 3% NaCl 
Growth in the presence + + + + + = nd nd = + = 
of 0% NaCl 
Pigmentation: 
White to cream - - - - - - t + _ _ _ 
Yellow or tan _ _ _ _ + _ _ _ + _ _ 
Pink or salmon + + + + _ + _ _ + + 
Urease + _ _ nd _ _ nd + _ _ _ 
Methanol utilized _ nd _ _ _ _ + + _ nd _ 
Acid produced oxidatively from: 
Glucose + + + + +£ + + + _ - nd 
Arabinose + _ _ nd tof + nd + - - nd 
Ribose - - —8 _ +° _ + + _ _ nd 
Glycerol = = = nd = = + = = nd 
1-Rhamnose + - nd nd nd nd nd nd nd nd nd 
Hydrolysis of: 
Starch t t w _ w _ _ _ d _ _ 
Tributyrin + nd + nd + = nd nd nd nd nd 
Esculin +h + - nd d + _ + _ nd nd 
Habitat: 
Freshwater and/or soil + + + _ + _ + _ _ + + 
Marine environments _ _ _ _ _ + _ _ + _ _ 
Plant stems or roots _ _ _ + - - - H - - - 
DNA G+C content (mol%) 39-40 38 49-50 49 51-53 34-38 66-69 68 33 53 34 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; w, weak reaction; nd, data not reported or not applicable. 
"Data taken from Larkin and Borrall (1984a, c); Gosink et al. (1998); Chelius and Triplett (2000), Chelius et al. (2002); Raj and Maloy (1990); Xin et al., 2004; Staley 


and Konopka (1984); Vancanneyt et al. (2006), and Hwang and Cho (2006). 


‘In contrast to the original description, NaCl is not required for growth (Nedashkovskaya et al., 2005a). 


‘Indicated as positive by Larkin and Borrall (19842), slowly positive by Raj and Maloy (1990), and negative by Chelius and Triplett (2000). 


*Sugar media acidification may be slow, taking up to 3 weeks (Larkin and Borrall, 19842). 


‘Indicated as positive by Larkin and Borrall (1984a) but negative by Vancanneyt et al. (2006). 
*Indicated as negative by Larkin and Borrall (1984a) and Raj and Maloy (1990) but positive by Chelius and Triplett (2000). 


"Indicated as positive by Larkin and Borrall (1984a) but negative by McGuire et al. (1987). 


iStems of Zea mays. 


JRoots of Spartina anglica. 
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Taxonomic comments 


In the Ist edition of Bergeys Mamual of Systematic Bacteriology, the 
genus contained two species — Flectobacillus majorand Flectobacillus 
marinus. The latter species had been described by Raj (1976) asa 
species of Microcyclus, “Microcyclus marinus”. In many features it 
resembled Flectobacillus major, and after studying both species 
Borrall and Larkin (1978) assigned it to the genus Flectobacillus as 
Flectobacillus marinus. Raj (1979) reported that Flectobacillus major 
and Flectobacillus marinus were sufficiently distinct to warrant 
classifying Flectobacillus marinus in a separate genus. The name 
“Cyclobacterium marinus" was suggested (H.D. Raj, cited by Larkin 
and Borrall, 1984a). Larkin and Borrall (1984a, c) believed that 
it would be best to retain the organism in the genus Fectobacil- 
lus because of the similarity in the mol% G+C content of the 
DNA (38-40) and because the DNA-DNA hybridization value 
between the type strains of Flectobacillus marinus and Flectobacillus 
major was 7196, using the renaturation rate method of DeLey 
et al. (1970). However, Raj and Maloy (1990) noted that analy- 
sis of the oligonucleotide sequences of the 16S rRNAs of these 
organisms (Woese et al., 1990) indicated that a relatively large 
evolutionary distance (ca. 20%) occurred between Flectobacillus 
major and Flectobacillus marinus (Woese, 1987), supporting the 
idea that Fectobacillus marinus should be separated from Flecto- 
bacillus major at the genus level. Consequently, Raj and Maloy 
(1990) reclassified Flectobacillus marinus as Cyclobacterium marinus 
(later corrected to marinum by Euzéby (1998). 

Organisms similar in appearance to Flectobacillus have been 
seen in fresh waters (Larkin et al., 1977). Metcalf and Krueger 
(cited by Larkin and Borrall, 19842) located two shallow lakes 
near Sacramento, California, that had relatively large popula- 
tions of Flectobacillus major. Counts on MS agar ranged from 
zero to several thousand per ml, and more than 60 isolates were 
obtained from separate samplings. The isolates were strikingly 
similar to the type strain of Flectobacillus major in their morpho- 
logical and physiological characteristics, but differed from it in 
being unable to hydrolyze urea or gelatin. 
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A new species of Flectobacillus, Flectobacillus glomeratus, was 
described by McGuire et al. (1987) from Antarctic marine 
environments. The cells of the strains were vibrioid to highly 
coiled; however, Gosink et al. (1998) found Flectobacillus glom- 
eratus to be phylogenetically distinct from Flectobacillus major 
by 16S rRNA gene sequence analysis. Although the cells were 
curved and lacked gas vacuoles, Flectobacillus glomeratus did have 
a close phylogenetic relationship to a group of filamentous or 
irregularly shaped, gas-vacuolated rods isolated from sea ice 
and water from the Arctic and Antarctic. Consequently, Gosink 
et al. (1998) reclassified Flectobacillus glomeratus together with 
these rods in a new genus, Polaribacter. 

In 2006, Hwang and Cho described a new species, Flectobacil- 
lus lacus, isolated from a highly eutrophic pond located within 
the campus of Seoul National University, Korea. From 16S 
rRNA gene sequence analysis, the species was closely related to 
Flectobacillus major (95.796 sequence similarity). 


Differentiation of the species of the genus 
Flectobacillus 


Flectobacillus major cells are shaped like the letter C, and some- 
times cell ends touch or overlap, forming closed rings. Cells of 
Flectobacillus lacus are almost straight rods and do not form rings. 
Flectobacillus major also differs from Flectobacillus lacus by being 
urease positive, by using succinate as a sole carbon source, and 
by forming acid from arabinose and rhamnose. 

Hwang and Cho (2006) reported that, in their studies, the 
type strain of Flectobacillus lacus differed from the type strain 
of Flectobacillus major in the following ways: acid was produced 
from r-arabitol and 5-ketogluconate but not from p- or L-ara- 
binose, p-xylose, r-rhamnose, amygdalin, arbutin, p-lyxose, 
and r-fucose; adipate was assimilated but not L-arabinose, 
D-mannose, Macetylglucosamine, D-maltose, and gluconate; 
DL-cysteine and succinate were not used as sole carbon sources; 
and no growth occurred on media containing as little as 0.5% 
NaCl. 


List of species of the genus Flectobacillus 


1. Flectobacillus major (Gromov 1963) Larkin, Williams and 
Taylor 1977, 155^ (Microcyclus major Gromov 1963, 733) 
ma’jor. L. masc. comp. adj. major larger. 

The characteristics are as described for the genus and 
as listed in Table 93, with the following additional features. 
Optimum growth occurs at 20-25*C. Growth occurs in the 
presence of 1.5% NaCl (Hwang and Cho, 2006). Catalase 
is weakly positive. Esculin, gelatin, starch, tributyrin, and 
urea are hydrolyzed, but not agar, casein, cellulose, or chitin. 
B-Galactosidase and phosphatase are present. The following 
tests are negative: acetoin production (Voges-Proskauer), 
H,S production from peptone, indole production (Hwang 
and Cho, 2006, report the type strain as positive), lecithinase, 
lysine decarboxylase, nitrate reduction, ornithine decar- 
boxylase, and phenylalanine deaminase. Acid is produced 
oxidatively from arabinose, cellobiose, dextrin, fructose, 
galactose, glucose, lactose, maltose, mannose, melibiose, 
a-methyl-p-glucoside, raffinose, rhamnose, salicin, sucrose, 
trehalose, and xylose. Acid production from inulin differs 
among strains. No acid is produced from dulcitol, erythritol, 


glycerol, mannitol, ribose, sorbitol, and sorbose. Succinate 
is utilized as a sole carbon source, but not acetate, benzoate, 
citrate, formate, malonate, propionate, or tartrate. 

DNA G+C content (mol % ): 39.5—40.3 (T). 

Type strain: ATCC 29496, DSM 103, LMG 13163, VKM 
B-859. 

Sequence accession no. (16S rRNA gene): M62787. 


2. Flectobacillus lacus Hwang and Cho 2006, 1200" 


la'cus. L. gen. n. lacus of a lake or pond, referring to the iso- 
lation of the type strain. 


The characteristics are as described for the genus and as 
listed in Table 93, with the following additional features. Cells 
are approximately 0.3-0.6 x 4.7-10.0 um. Colonies on R2A 
agar are pale pink to rose in color, round, 2-6 mm in diam- 
eter, convex and smooth with entire margins. Growth occurs 
at 10-35°C and pH 6-9; optimal temperature and pH for 
growth are 25-30*C and pH 7, respectively. Growth occurs 
on R2A and nutrient agar without NaCl or with 0.196 (w/v) 
NaCl; no growth occurs in the presence of 20.5% (w/v) 
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NaCl. Grows on R2A medium and nutrient medium, but not 
on MacConkey medium. Flexirubin pigments are absent. 
Positive for catalase, gelatinase, and amylase. Negative in the 
Voges-Proskauer test. Positive for o-galactosidase, B-galacto- 
sidase, esculin hydrolysis, alkaline phosphatase, acid phos- 
phatase, esterase (C4), esterase lipase (C8), leucine, valine 
and cystine arylamidases, trypsin, o-chymotrypsin, naphthol- 
phosphohydrolase, a-glucosidase, f-glucosidase, N-acetyl-B- 
glucosaminidase, a-mannosidase, and a-fucosidase. Negative 


FAMILY I. CYTOPHAGACEAE 


for indole production, arginine dihydrolase, lipase (C14), 
and B-glucuronidase. The major fatty acids are C,., 5c (26.9 
+ 10.8%), C,., iso 2-OH and/or C,., o7c (19.2 + 2.3%), and 
Czo iso (12.1 + 1.3%). 

Source: a highly eutrophic pond, Gongdae Pond, located 
in the campus of Seoul National University, Korea. 

DNA G+C content (mol % ): 38.3 (HPLC). 

Type strain: CL-GP79, JCM 13398, KCCM 42271. 

Sequence accession no. (16S rRNA gene): DQ112352. 


Genus VIII. Flexibacter Soriano 1945, 9244 


YAsUYOSHI NAKAGAWA 


Flex.i.bac'ter. L. part. adj. flexus bent, winding; N.L. masc. n. bacter from Gr. neut. n. baktron little stick or 
rod; N.L. masc. n. Flexibacter intended to mean flexible rod. 


Slender rod-shaped cells of variable length, 0.2—0.6 um wide and 
typically 10—50 um long, flexible, and with tapering or rounded 
ends. Gliding, but nonmotile stages may occur. In some species, 
there is a (cyclic) change in cell morphology. The cell mass is 
usually pigmented yellow to orange, but sometimes vary pale or 
even colorless. The pigments are cell-bound and often are caro- 
tenoids and/or of the flexirubin type. Chemo-organotrophs. 
Strictly aerobic or facultatively anaerobic. Peptones and amino 
acid mixtures serve as nitrogen sources. Various sugars are uti- 
lized. Cellulose and agar are not attacked, but chitin and starch 
are often hydrolyzed. 

DNA G+C content (mol96): 37-47. 

Type species: Flexibacter flexilis Soriano 1945, 924". 


Further descriptive information 


The major quinone of Flexibacter canadensis, Flexibacter flexilis, Flex- 
ibacter elegans, Flexibacter filiformis, Flexibacter japonensis, Flexibacter 
litoralis, Flexibacter polymorphus, Flexibacter roseolus, Flexibacter ruber, 
Flexibacter sancti, and both type strains of Flexibacter aggregans 
and Flexibacter tractuosus is MK-7, whereas MK-6 is the major qui- 
none of Flexibacter aurantiacus, Flexibacter columnaris (synonym, 
Cytophaga columnaris), Flexibacter maritimus (heterotypic syn- 
onym, Cytophaga marina), Flexibacter ovolyticus, Flexibacter psychro- 
philus (synonym, Cytophaga psychrophila) (Kampfer et al., 2006; 
Nakagawa and Yamasato, 1993, 1996); Nakagawa, unpublished). 
The major polyamine of Flexibacter flexilis, the type species of the 
genus is homospermidine (Hosoya and Hamana, 2004). 


Enrichment and isolation procedures 


No enrichment media have been designed for isolation of Flexi- 
bacter strains. Standard procedures to isolate soil and freshwater 
bacteria can be applied. Low nutrient media are preferable. 
Colonies of Flexibacter are usually orange yellow. Detailed pro- 
tocols have been described by Reichenbach (1989a, b, 19922). 
Flexibacter strains have been isolated from various environments 
at widely separated sites (Lewin, 1969; Lewin and Lounsbery, 
1969). The type strains of Flexibacter flexilis came from a pond in 
San José, Costa Rica. 


Maintenance procedures 


Cultures of most Flexibacter strains can be preserved by freezing 
at temperatures lower than -80*C. For freezing, cells are sus- 
pended in the suitable liquid media containing 1046 glycerol 


or 7% DMSO. Flexibacter strains are rather sensitive to drying; 
however, they can be preserved in a protective medium SMI 
(see the chapter on Cytophaga for formulations) for the ter- 
restrial organisms, or SM2 or SM3 for marine species (see the 
chapter on Flammeovirga for formulations) using a liquid drying 
method. The organisms can also be preserved by freeze-drying. 
One marine species, Mexibacter polymorphus, is very fastidious and 
is difficult to preserve by freezing -80^C or drying. Its cultures 
autolyze within a few days at 25°C; however, it can be success- 
fully preserved by freezing at temperatures lower than -140*C 
in liquid nitrogen (LN,) tanks. 


Differentiation of the genus Flexibacter from other genera 


Phylogenetic analysis based on 16S rRNA sequences shows 
that Flexibacter flexilis - the type species of the genus Flexibacter 
- is phylogenetically independent in the phylum Bacteroidetes 
(Figure 74). However, because few taxonomic characteris- 
tics have been investigated since the original descriptions, it 
is impossible to discriminate the genus Flexibacter from other 
related genera only by phenotypic characteristics. It is hoped 
that chemotaxonomic, physiologic, and biochemical character- 
istics of the genus Flexibacter will be investigated. 


Taxonomic comments 


The genus Flexibacterwas created by Soriano (1945) to accommo- 
date five species of gliding organisms; however, the original def- 
inition ofthe genus was vague and his original strains have been 
lost. In addition, the genus Microscilla proposed by Pringsheim 
(1951) could not be distinguished from the genus Flexibacter. 
Lewin (1969) reisolated morphologically similar organisms and 
redefined both genera by classifying marine organisms with 
longer filaments (20-100 um) in the genus Microscilla. These 
definitions were not included in the Bergey’s Manual of Determi- 
native Bacteriology, 8th edition (Leadbetter, 1974). The inability 
to degrade polysaccharides such as agar, alginate, cellulose, 
and chitin was adopted in the genus definition of Flexibacter, 
and the genus Microscilla was grouped with the genus lexibacter. 
However, Flexibacter flexilisis known to hydrolyze other polymers 
such as starch, and Flexibacter. filiformis is a potent chitin decom- 
poser. Later, Reichenbach (1989a, b) tried to define the genus 
Flexibacter on the basis of cell morphology, DNA G4C content, 
and habitat. He classified marine organisms with G+C contents 
above 37 mol% in the genus Microscilla. However, he also stated 
that the genus Flexibacteris probably still heterogeneous and will 
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have to be subdivided when data on the molecular taxonomy 
are accumulated. Those histories are described in detail in the 
first edition of this Mamual (Reichenbach, 1989a, b). 

Seventeen Flexibacterspecies have been approved or validly pub- 
lished to date. Three species, Flexibacter flexilis (the type species of 
the genus), Flexibacter elegans, and Flexibacter filiformis were recog- 
nized as belonging to Flexibacter in the 1st edition of this Manual. 

16S rRNA sequencing analysis of the genera Flexibacter and 
Microscilla have shown great biological diversity within the genus 
Flexibacter (Nakagawa et al., 2002). Forty strains of 17 species of 
Flexibacter diverged into 20 phylogenetic groups. Four groups 
were located in the family Flavobacteriaceae, while others — includ- 
ing the type species Fexibacter flexilis - were not. Some Flexibacter 
strains were closely related to strains of the genus Chitinophaga, 
Microscilla, or Flexithrix. A phylogenetic tree of Flexibacter, Flex- 
ithrix, and Microscilla strains belonging to the classes Cytophagia 
and Sphingobacteriia is shown in Figure 74. It can be seen that 
Flexibacter flexilis, the type species of the genus Flexibacter, is iso- 
lated from the other species, which suggests that the genus Flexi- 
bacter should be restricted to the type species. All strains in this 
species clustered together except for one non-validated subspe- 
cies, "Flexibacter flexilis subsp. pelliculosus”, which was unrelated to 
the other known taxa. 

Flexibacter aggregans was assigned the name “Microscilla 
aggregans’ in the Ist edition of this Manual (Reichenbach, 
1989a, b) because it is a marine organism. This species is the 
phylogenetically heterogeneous, diverging into four groups. 
The three authentic strains of Flexibacter aggregans, NBRC 15973, 
NBRC 15976", and NBRC 15990, constitute a tight cluster with 
Flexithrix dorotheae. This result strongly supports Reichenbach’s 
report (1989a) of a close resemblance between the two spe- 
cies. Based on these results, Flexibacter aggregans was included 
in Flexithrix dorotheae (Hosoya and Yokota, 2007). Two strains 
of Flexibacter aggregans NBRC 15974 and NBRC 15975 remain 
to be reclassified. Flexibacter aggregans NBRC 15974 constitutes 
an independent lineage near Roseivirga ehrenbergii. The strain 
NBRC 15975 belongs to the family Flavobacteriaceae. An invalid 
subspecies, “Flexibacter aggregans subsp. catalaticus” was trans- 
ferred to the new genus Crocinitomix, which belongs to the new 
family Cryomorphaceae (Bowman et al., 2003). 

Flexibacter canadensis is located outside the cluster comprised 
of the genera Sphingobacterium and Pedobacter. Steyn et al. (1998) 
proposed the family Sphingobacteriaceae to encompass the genera 
Sphingobacterium, Pedobacter, and Flexibacter canadensis. This family 
is characterized by the presence of sphingolipids, buta long-chain 
base derived from sphingolipids was not detected in this species 
(Nakagawa et al., 2002). It is suggested that Flexibacter canadensis 
should be excluded from the family as a distinct genus. 


FAMILY I. CYTOPHAGACEAE 


Flexibacter filiformis, Flexibacter japonensis, and Flexibacter sancti 
are closely related to the genus Chitinophaga and they were sub- 
sequently transferred to the genus Chitinophaga (Kàmpfer et al., 
2006). Flexibacter elegans, Flexibacter litoralis, Flexibacter polymor- 
phus, and Flexibacter ruber are distinct from other known species 
of Flexibacter. Thus, it is suggested that each should be excluded 
from the genus Flexibacter. 

Flexibacter roseolus is a heterogeneous species: it includes two 
phylogenetically different strains (NBRC 16707! and NBRC 
16030), each of them is distinct from known taxa. Flexibacter 
tractuosus is also called “Microscilla tractuosa’ because it is a 
marine bacterium. Fight strains assigned to the species were 
heterogeneous and diverged into four distinct groups. The 
type strain of Flexibacter tractuosus, NBRC 159897, clusters with 
NBRC 15979, NBRC 15981, and “Microscilla sericea” NBRC 
15983". This group is considered to be the genuine Flexibacter 
tractuosus because it includes the type strain. Two strains of 
Flexibacter tractuosus NBRC 16035 and NBRC 16482 constitute 
one group and are distantly related to all known species. Two 
other strains of Flexibacter tractuosus, NBRC 16037 and NBRC 
16038, may be reclassified in the genus Perexilibacter because 
of their close relationships to the type species of that genus. 
Flexibacter tractuosus NBRC 15980 belongs to the family Fla- 
vobacteriaceae. 

The remaining strains belong to the family Flavobacteriaceae. 
Flexibacter aurantiacus, Flexibacter columnaris, and Flexibacter psy- 
chrophilus were reclassified as distinct species in the genus Fla- 
vobacterium, and Flexibacter aurantiacus is treated as the junior 
subjective synonym of Flavobacterium johnsoniae (Bernardet etal., 
1996). Two non-validated subspecies exist in Flexibacter aurantia- 
cus. Of these, "Flexibacter aurantiacus subsp. excathedrus" belongs 
to the genus Flavobacterium. The other subspecies, *Flexibacter 
aurantiacus subsp. copepodarum”, is a marine organism isolated 
from an offshore crustacean (Lewin, 1969) and is classified 
in the genus Tenacibaculum. Flexibacter maritimus and Flexibacter 
ovolyticus have been transferred to the genus Tenacibaculum 
(Suzuki et al, 2001). These phylogenetic groups and their 
reclassification are summarized in Table 94. 

In this chapter, Reichenbach's definition of the genus is 
generally followed; however, only the type species, Flexibacter 
flexilis can be justified on the basis of 16S rRNA sequencing 
analysis as belonging to the genus Flexibacter. Other Flexibacter 
species that should be reclassified in the future are listed as 
other species. 


Differentiation of the species of the genus Flexibacter 


Table 95 lists characteristics that distinguish the Flexibacter 
species from one another. 


List of species of the genus Flexibacter 


1. Flexibacter flexilis Soriano 1945, 924 
flex'i.lis. L. masc. adj. flexilis pliable, flexible. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual and Bergey s Manual of Determinative Bacteriology, 
9th edition. 

Long flexible thread cells with tapering, occasionally 
crooked ends, 0.5 um wide and 10-60 um long (usually 10-20 


um). Motile by gliding but not particularly active. Color of 
the cell mass is orange, but pigmentation on many media is 
pale. Aerobic. The optimum growth temperature is 25°C. The 
optimum pH is around 7. Oxidase-positive. Catalase-negative. 
Peptones and Casamino acids serve as sole nitrogen source, 
but not glutamate, NH,' or NO, . Growth occurs well on pep- 
tone alone. Sugars such as glucose or sucrose may stimulate 
growth. Gelatin and starch are hydrolyzed, but not chitin or 
yeast cells. H,S is produced. Nitrate is not reduced. Growth 
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TABLE 94. Phylogenetic groups of Flexibacter and Microscilla strains and their present classification 


Phylogenetic 
group* Species and strain Present classification 
1 T: aggregans NBRC 15975 Excluded from the genus Flexibacter, belongs to the family 
Flavobacteriaceae 
2 T: tractuosus NBRC 15980 Excluded from the genus lexibacter, belongs to the family 
Flavobacteriaceae 
3 “F aurantiacus subsp. copepodarum" NBRC 15978" Excluded from the genus Flexibacter, belongs to the genus 
Tenacibaculum 


F. maritimus NBRC 159461 
E ovolyticus NBRC 159477 
4 F. aurantiacus NBRC 159707 
“F aurantiacus subsp. excathedrus" NBRC 16024" 


F. columnaris NBRC 159437 
E psychrophilus NBRC 159427 
5 “F aggregans subsp. catalaticus NBRC 15977" 
6 E filiformis NBRC 15056" 
E japonensis NBRC 160417 
F sancti NBRC 150577, NBRC 16033, NBRC 16034 


Tenacibaculum maritimum? 
Tenacibaculum ovolyticum^ 
Flavobacterium johnsoniaé 
Excluded from the genus lexibacter, belongs to the genus 
Flavobacterium 
Flavobacterium columnaré 
Flavobacterium psychrophilum* 
Crocinitomix catalasitica? 
Chitinophaga filiformis 
Chitinophaga japonensis 
Chitinophaga sancti 


7 E canadensis NBRC 151307 Excluded from the genus Flexibacter, belongs to the family 
Sphingobacteriaceae 

8 T: elegans NBRC 15055? Excluded from the genus Flexibacter 

9 M. marina NBRC 165607 Microscilla marina 
10 F. ruber NBRC 166771 Excluded from the genus Flexibacter 
11 T: flexilis NBRC 150607, NBRC 16025, NBRC 16026, NBRC 16027 Flexibacter flexilis 
12 “F. flexilis subsp. pelliculosus” NBRC 160287 Excluded from the genus Flexibacter 
13 E litoralis NBRC 159887 Excluded from the genus Flexibacter 
14 T: roseolus NBRC 16030 Excluded from the genus Flexibacter 
15 T: polymorphus NBRC 167037 Excluded from the genus Flexibacter 
16 F. roseolus NBRC 16707! Excluded from the genus Flexibacter 
17 F. tractuosus NBRC 159897, NBRC 15979, NBRC 15981 Excluded from the genus Flexibacter 

“M. sericea” NBRC 15983" Excluded from the genus Microscilla 

18 “M. furvescens” NBRC 159947 Excluded from the genus Microscilla 
19 E tractuosus NBRC 16035, NBRC 16482 Excluded from the genus Flexibacter 
20 F. aggregans NBRC 15974 Excluded from the genus Flexibacter 
21 “M. sericea” NBRC 16561 Excluded from the genus Microscilla 
22 F aggregans NBRC 159767, NBRC 15973, NBRC 15990 Flexithrix dorotheaé 
23 “M. arenaria’ NBRC 159827 Flammeovirga arenaria 
24 F. tractuosus NBRC 16037, NBRC 16038 Excluded from the genus Flexibacter, probably belongs 


to the genus Perexilibacter 


‘Nakagawa et al. (2002). 
"Suzuki et al. (2001). 
*Bernardet et al. (1996). 
“Bowman et al. (2003). 
“Kämpfer et al. (2006). 
'Hosoya and Yokota (2007). 
*Takahashi et al. (2006). 


does not occur on seawater media. The major carotenoid is 
saproxanthin. The flexirubin reaction is positive. 
DNA G+C content (mol 96): 40-43 (Bd). 


Type strain: CR-63, ATCC 23079, CIP 103988, DSM 6798, 
LMG 3989, NBRC 15060. 
Sequence accession no. (16S rRNA gene): AB078049. 


Other species 


None of the species listed below should be included in the 

genus Flexibacter because 16S rRNA sequence analysis indicates 

they are not closely related to the genus. 

1. Flexibacter canadensis Christensen 1980, 431^- 
ca.na.den'sis. N.L. masc. adj. canadensis Canadian. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 


this Manual, Bergey's Manual of Determinative Bacteriology, 9th 
edition, and the original description (Christensen, 1980). 
Elongated rods, thin and flexible, with slightly tapering 
ends, 0.4-0.5 um wide and 2-12 um long or longer (up to 
60 um in older cultures). Motile by gliding. On solid sub- 
strates with a low nutrient content, large whitish swarms 
develop. On media with a higher concentration of organic 
compounds, growth becomes compact, pale pink, or dirty 
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TABLE 95. Characteristics differentiating the species of the genus Flexibacter" 


2 š š š 3 E Š : 
2 e S S x š E S 
Š š * Š & š È ES 
Characteristic = RY = = = = Ry RY 
Length of threads (um) 10-60 2-60 10 to >50 >180 >200 >50 >50 5 to >50 
Width of threads (um) 0.5 0.4—0.5 0.4—0.5 0.5-0.7 0.6-1.1 nd nd 0.5 
Color of cell mass Orange White Bright orange ^ Brickred — Orange-peach Red Red Orange 
Flexirubin reaction t nd - nd nd nd nd nd 
Carotenoid present Saproxanthin nd Saproxanthin Flexixanthin | Saproxanthin + + Saproxanthin 
Relation to oxygen Aerobe Facultative Aerobe Aerobe Aerobe Aerobe Aerobe nd 
anaerobe 
Suitable as sole nitrogen source: 
Glutamate - + _ _ + _ + + 
NH,’ - t - nd - nd nd nd 
NO, = = = = = = + = 
Starch hydrolysis + + = + _ _ u +/- 
H,S produced + + - - - - - nd 
NO, reduced _ + _ _ nd _ + +/- 
Catalase - + _ _ _ _ _ nd 
Oxidase + + + nd nd nd nd nd 
Growth on sea water medium = nd + + + + _ + 
Optimum temperature (°C) 25 18-30 30 nd nd nd nd nd 
Highest temperature (^C) 40-45 40 40-45 30-35 32 40 40-45 30-45 
Habitat Fresh water Soil Fresh water Marine Marine Hot springs Hot springs Marine 
DNA G4C content (mol%) 40-43 37 48 31 29 34-38 37 35-40 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; +/—, most strains are positive; nd, not determined. 


"Data from Reichenbach (19892, b) and Bergey's Manual of Determinative Bacteriology, 9th edition. 


white. Colonies often show a yellow-green-blue iridescence. 
Facultatively anaerobic. Oxidase- and catalase-positive. Casa- 
mino acids, gelatin, aspartate, glutamate, and NH," serve 
as sole nitrogen source but not NO, or urea. Various sug- 
ars, glucose, and glycerol are utilized with acid production. 
Indole is not produced. H,S is produced. DNA, gelatin, and 
starch are hydrolyzed, but not agar, chitin, alginate, cellu- 
lose, or carboxymethyl cellulose. Pectin is weakly degraded. 
Nitrate is reduced. H,S is produced. Growth does not occur 
in the presence of 2% NaCl. The temperature range for 
growth is 10-40*C with optimum 18-30*C. The pH range for 
growth is 5-10 with an optimum of 6-8. 

DNA G+C content (mol96): 37 (Bd and T). 

Type strain: UASM 9D, ATCC 29591, CIP 104802, DSM 
3403, JCM 21819, LMG 8368, NBRC 15130. 

Sequence accession no. (16S rRNA gene): AB078046. 


. Flexibacter elegans (ex Lewin 1969, non Soriano 1945) 
Reichenbach 1989b, 206744 


e'le.gans. L. masc. adj. elegans refined, fashionable, elegant. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual and Bergey’s Manual of Determinative Bacteriology, 
9th edition. 

Very long, fine filaments with rounded ends, 0.4—0.5 um 
wide and 50 um long, often much longer, rarely shorter than 
10-20 um. On solid substrates the filaments tend to form 
loops and coils. Motile by gliding. On some media the colo- 
nies are spreading. The cell mass is bright orange. Aerobic. 
Oxidase-positive. Catalase-negative. Peptones and Casamino 


acids serve as sole nitrogen source but not glutamate, NH /*, 
or NO,. Requires threonine. Growth on media containing 
peptone alone is very poor or absent but may be stimulated 
by the addition of a sugar such as glucose. In litmus milk, 
there is no acid production, coagulation, or reduction of lit- 
mus. Acid is produced from glucose. Gelatin is hydrolyzed, 
but not chitin, starch, or yeast cells. Indole and H,S are not 
produced. Nitrate is not reduced. Growth occurs on seawater 
media, but NaCl is not required. NaCl (2.496) is tolerated. 
Optimum conditions for growth are around pH 7 and 30°C. 
The highest growth temperature is 40-45°C. The major caro- 
tenoid is saproxanthin. The flexirubin reaction is negative. 

DNA G+C content (mol96): 48 (Bd). 

Type strain: NZ-1, ATCC 23112, CIP 104801, DSM 3817, 
JCM 21159, LMG 10750, NBRC 15055. 

Sequence accession no. (16S rRNA gene): AB078048. 


. Flexibacter litoralis Lewin 1969, 199^- 


li.tora'lis. L. masc. adj. litoralis of or belonging to the sea- 
shore. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual and Bergey's Manual of Determinative Bacteriology, 
9th edition. 

Threads, 0.5-0.7 um wide and up to 180 um long, agile, 
gliding, and bending, apparently without cross-walls. The cell 
mass is brick red. Aerobic. Catalase-negative. Peptones serve 
as sole nitrogen source but not glutamate, or NO,. Requires 
many amino acids and thiamine. Sugars and organic acid 
is not utilized. Gelatin and starch are hydrolyzed, but not 
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agar, alginate, or carboxymethyl cellulose. H,S is not pro- 
duced. Nitrate is not reduced. Growth does not occur below 
half-strength seawater. The highest growth temperature is 
30-35°C. The major carotenoid is flexixanthin. 

DNA G+C content (mol % ): 31 (Bd). 

Type strain: SIO-4, ATCC 23117, CIP 106402, DSM 6794, 
NBRC 15988. 

Sequence accession no. (16S rRNA gene): AB078056. 


. Flexibacter polymorphus Lewin 1974, 393^ 


po.ly.mor'phus. N.L. masc. adj. polymorphus (from Gr. adj. 
polumorphos -on) of many shapes, variable in form. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual and Bergey s Manual of Determinative Bacteriology, 
9th edition. 

Long flexible filaments, 1.1 um wide and up to several 
hundred um long, with cross-walls 3.5—7 um apart. The cross- 
walls are recognizable under the phase-contrast microscope. 
In media containing 0.1% NaHCO,, finer and shorter fila- 
ments 0.6 um wide and 10-40 um long appear, in addition 
to the long ones. At a pH above 8 the cells contain optically 
refractile granules, presumably some lipid material. Some- 
times, inflated and branched filaments also occur. The fila- 
ments are very actively gliding with speeds up to 12 m/s 
(23*C). The cell mass is orange. Aerobic. Catalase-negative. 
Peptones, Casamino acids, and glutamate serve as sole nitro- 
gen source but not NH * or NO,. Requires cobalamine. Agar, 
alginate, cellulose, and starch are not hydrolyzed. H,S is not 
produced. Growth does not occur below half-strength seawa- 
ter. The highest growth temperature is 32°C. The pH range 
for growth is 7-8.5. The major carotenoid is saproxanthin. 

DNA G+C content (mol% ): 29 (Bd). 

Type strain: ATCC 27820, DSM 9678, LMG 13859, NBRC 
16708. 

Sequence accession no. (16S rRNA gene): AB078059. 


. Flexibacter roseolus Lewin 1969, 199^- 


ro.se'o.lus. L. adj. roseus rose-colored; L. masc. suff. -olus 
diminutive ending; N.L. masc. dim. adj. roseolus intended to 
mean with a rosy tinge. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual and Bergey s Manual of Determinative Bacteriology, 
9th edition. 

Very long threads, more than 50 um long. The cell mass 
is red. Aerobic. Catalase-negative. Peptones and Casamino 


acids serve as sole nitrogen source but not glutamate or NO, . 
Gelatin is hydrolyzed but not starch. H,S is not produced. 
Seawater is tolerated. The highest growth temperature is 
40°C. The major carotenoid is flexixanthin, demonstrated in 
a strain CR-141 (=ATCC 23087, NBRC 16030). 

DNA G+C content (mol % ): 34-38 (Bd). 

Type strain: CR-155, ATCC 23088, CIP 106406, DSM 9546, 
LMG 13856, NBRC 16707. 

Sequence accession no. (16S rRNA gene): AB078063. 


. Flexibacter ruber Lewin 1969, 19944 


ru'ber. L. masc. adj. ruber red. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual and Bergey's Manual of Determinative Bacteriology, 
9th edition. 

Very long threads, more than 50 um long. The cell mass 
is red. Aerobic. Catalase-negative. Peptones, Casamino acids, 
glutamate and NO, serve as sole nitrogen source. Various 
sugars are metabolized with acid production. Gelatin is 
hydrolyzed. H,S is not produced. Nitrate is reduced. Growth 
does not occur on seawater media. The highest growth tem- 
perature is 40-45*C. The major carotenoid is flexixanthin. 

DNA G+C content (mol 96): 37 (Bd). 

Type strain: GEY, ATCC 23103, DSM 9560, LMG 13857, 
NBRC 16677. 

Sequence accession no. (16S rRNA gene): AB078064. 


. Flexibacter tractuosus Leadbetter 1974, 106° (“Microscilla 


tractuosa Lewin 1969, 199) 


trac.tu.o'sus. L. masc. adj. tractuosus that draws to itself, drawn 
or clumped together. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual and Bergey’s Manual of Determinative Bacteriology, 
9th edition. 

Threads, 0.5 um wide and 5-50 um long, or longer. The 
cell mass is orange. Peptones, Casamino acids, and gluta- 
mate serve as sole nitrogen source but not NO, . Sugars and 
glycerol are usually utilized. Agar, alginate, and carboxym- 
ethyl cellulose are not degraded. Nitrate is reduced by a few 
strains. The highest growth temperature is 30-45°C. The 
major carotenoid is saproxanthin. 

DNA G+C content (mol96): 35-40 (Bd). 

Type strain: H-43, ATCC 23168, CIP 106410, DSM 4126, 
LMG 8378, NBRC 15989, VKM B-1430. 

Sequence accession no. (16S rRNA gene): AB078072. 


Genus IX. Hymenobacter Hirsch, Ludwig, Hethke, Sittig, Hoffmann and Gallikowski 1999, 1Y" emend. 
Buczolits, Denner, Kämpfer and Busse 2006, 2076"? (Effective publication: Hirsch, Ludwig, Hethke, Sittig, 
Hoffmann and Gallikowski 1998a, 374.) 


SANDRA Buczo.its AND HaNs-JURGEN Busse 


Hy.me.no.bac'ter. Gr. masc. n. hymen pellicle, thin layer; N.L. masc. n. bacter the equivalent of Gr. neut. n. 
baktron a rod or staff; N.L. masc. n. Hymenobacter a rod growing in thin layers. 


Rod-shaped, with polyphosphate granules near the cell poles. surfaces. Nonmotile. Gram-stain-negative. Colonies are flat with 
Cells aggregating with increasing formation of extracellu- a small, raised center. Colony edges may show parallel arrange- 
lar polymer and spreading in thin, red to pink layers on agar ment of cells in the form of palisades. Aerobic. Heterotrophic, 
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with a preference for oligotrophic media. Temperature range 
for growth, 4-37*C; optimum, 10-28°C. Some strains can grow 
at 42°C, but most strains do not. Cells do not grow anaerobi- 
cally with or without light. Catalase- and oxidase-positive. Non- 
hemolytic. The carbon utilization spectrum is limited to some 
sugars, sugar alcohols, organic acids, and a few amino acids. 
Hydrolysis of gelatin, starch, xylan, Tween 80, and Tween 60 
is common. DNA may also be hydrolyzed, but cellulose and 
pectin are not. Cells are highly sensitive towards the action 
of numerous antibiotics. meso-Diaminopimelic acid is present 
in the cell-wall murein. The principal menaquinone is MK-7. 
The fatty acid profile consists of predominantly branched fatty 
acids of the iso- and anteiso-type with C... iso, C,., anteiso, 
C,,., ®7c/C,,,, iso 2-OH (summed feature), and C,,, iso I/C,,, 
anteiso B (summed feature), usually present in moderate to 
major amounts (except for Hymenobacter roseosalivarius, which 
lacks C,., anteiso). Unbranched fatty acids are usually present 
in moderate amounts, but their content is low in Hymenobacter 
ocellatus. All members of the genus contain a polar lipid profile 
consisting of phosphatidylethanolamine, an unknown amino- 
phospholipid (APL3), two unknown polar lipids (L3, L5), and a 
mixture of several other unknown aminophospholipids, amino- 
lipids, phospholipids, glycolipids, and polar lipids. symHomo- 
spermidine is the major polyamine. 

DNA G+C content (mol % ): 55-65. 

Type species: Hymenobacter roseosalivarius Hirsch, Ludwig, 
Hethke, Sittig, Hoffmann and Gallikowski 1999, 1%” (Effective 
publication: Hirsch, Ludwig, Hethke, Sittig, Hoffmann and 
Gallikowski 1998a, 382.). 


Further descriptive information 


The genus Hymenobacter was described with the single species 
Hymenobacter roseosalivarius that had been isolated from the Dry 
Valleys region in Antarctica (Hirsch et al., 1998a). In this study, 
affiliation of three strains - provisionally named “Taxeobacter 
chitinovorans" , ^ Taxeobacter gelupurpurascens", and “Taxeobacter ocella- 
tus" (Reichenbach, 1992b) — to this lineage was demonstrated by 
rRNA gene sequence similarity and phylogeny. So far, eight other 
species with validly published names have been effectively described 
as species of the genus: Hymenobacter actinosclerus isolated from irra- 
diated pork (Collins et al., 2000); Hymenobacter aerophilus isolated 
during the examination of airborne bacteria in samples from the 
Museo Correr in Venice, Italy (Buczolits et al., 2002); Hymenobacter 
norwichensis isolated during the examination of airborne bacteria 
in samples from the Sainsbury Centre for Visual Arts in Norwich 
(UK; Buczolits et al., 2006); Hymenobacter chitinivorans (formerly 
designated “ Taxeobacter chitinovorans") ; Hymenobacter gelipurpurascens 
(formerly designated * Taxeobacter gelupurpurascens"); Hymenobacter 
ocellatus (formerly designated " Taxeobacter ocellatus”) isolated from 
dried soil which had been stored for several years (Baik et al., 2006; 
Reichenbach, 1992b); Hymenobacter rigui isolated from wetland 
freshwater in Woopo, South Korea (Baik et al., 2006); Hymenobacter 
xinjiangensis isolated from soil of the Xinjing desert, China follow- 
ing gamma-irradiation (Zhang et al., 2007). Sources of isolation 
suggest that at least some Hymenobacter species have developed 
strategies to survive under unfavorable conditions such as desicca- 
tion, radiation, and cold. 

Strains analyzed for their quinone systems and polyamine 
patterns contain menaquinone MK-7 and the predominant 
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compound sym-homospermidine, respectively. The contents 


of certain fatty acids such as C; iso, C,,, anteiso, C,,, @5ç, 
Cu @7¢/C,,,, iso 2-OH (summed feature), and C,,, iso I/ 
C,,, anteiso B (summed feature), which were detected in the 


range 8-37, 0—26, 2-23, 5-30, and 8-27%, respectively, suggest 
a high potential for differentiation of Hymenobacter species and 
identification of newly isolated strains. Even polar lipid profiles 
exhibit a diversity that appears to be suitable for differentiation 
between Hymenobacter species (Baik et al., 2006). Physiologi- 
cal and biochemical traits useful for discrimination between 
Hymenobacter species are listed in Table 96. 

Nothing is known about pathogenic potential of Hymenobacter 
species. 


Differentiation of the genus Hymenobacter 
from other genera 


Hymenobacter species do not exhibit extraordinary phenotypic 
traits which allow their differentiation from closely related gen- 
era such as Adhaeribacter, Pontibacter, and Effluviibacter, but dif- 
ferentiation may be accomplished by 16S rRNA gene sequence 
similarities below 88.0%. 

Certain quantitative differences in the fatty acid profiles might 
be useful for phenotypic differentiation of Hymenobacter species 
from related genera. The content of C,., iso 2-OH (16.5%) in 
the fatty acid profile of Adhaeribacler aquaticus (Rickard et al., 
2005) is significantly higher than in Hymenobacter species (Table 
97) and contents of C,,, 6c and lack of “summed feature” 
(Ciso iso 2-OH/C,,, @7c) in the profiles of Adhaeribacter aquati- 
cus and Efflwoübacter roseus (Rickard et al., 2005; Suresh et al., 
2006) might be useful for differentiation from Hymenobacter spe- 
cies. The high G+C content may distinguish Hymenobacter (>55 
mol%) species from Pontibacter and Adaeribacter species (Nedash- 
kovskaya et al., 2005c; Rickard et al., 2005; Zhou et al., 2007). 
However, the listed distinguishing traits cannot be considered to 
be highly reliable because each of the nearest related genera so 
far is represented by only one or two species, and hence the vari- 
ability of the characteristics within these genera is unknown. 


Taxonomic comments 


Sequence similarities in the 16S rRNA genes among established 
species of the genus Hymenobacter are above 9096. This value is 
rather low compared to many other genera where the thresh- 
old value for genus affiliation is approximately 95% similarity. 
This significantly lower threshold value for delineation of the 
genus suggests a higher mutation rate in the 16S rRNA cod- 
ing genes or the need for dissection of the genus possibly on 
the basis of differences in the polar lipid and fatty acid pro- 
files and other distinguishing traits as yet unidentified. How- 
ever, if the threshold value of 90% for assignment to the genus 
Hymenobacter is considered to be acceptable, deposited 16S 
rRNA gene sequences indicate presence in institutional culture 
collections of several strains that might be described as novel 
species of the genus, as indicated under Other organisms. 
Phylogenetic relatedness shown in the maximum-likelihood 
tree after multiple alignments (Figure 75) are in good agree- 
ment with that suggested from 16S rRNA gene sequence simi- 
larities, demonstrating that Hymenobacter ocellatus represents the 
deepest branching within the genus. 16S rRNA gene based phy- 
logenetic relatedness support placement of all unnamed strains 
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TABLE 96. Differential characteristics among species of the genus Hymenobacter* 


» 
E š š Š : š g E 
z S S N S E < ES :Š 
E E Š = Ë š $ Š E 
š = 3 Š; š š š `Ë š 
Characteristic x x X X X X X X x 
Growth at/in: 
1% NaCl +> - + + + nr + + - 
3% NaCl nr - + + + nr + _ nr 
Starch nr + + + + + + + _ 
Casein nr + + + + nr d nr nr 
Tyrosine nr + + nr + nr + nr nr 
4°C +P + + + - _ + + + 
37°C - - - - + +4 - + + 
Assimilation of: 
N-Acetyl-p-glucosamine, gluconate = = = = = + = = nr 
pArbutin, p-ribose = + _ = = + = x: nr 
p-Cellobiose d + - _ _ + _ + nr 
D-Fructose _ + _ _ _ _ + + nr 
p-Galactose _ + _ _ _ _ _ + nr 
p-Xylose = + = = = = = = nr 
p-Glucose - t - - - + + + nr 
D-Mannose _ + _ _ _ + + _ nr 
1-Rhamnose _ _ _ _ _ _ _ _ nr 
Maltitol _ _ _ _ _ _ _ nr nr 
Sucrose _ _ _ _ _ _ + + nr 
Salicin _ + _ _ _ _ _ + nr 
p-Maltose, p-trehalose _ + _ _ _ _ _ + nr 
p-Mannitol _ + _ _ _ _ _ _ nr 
Acetate, propionate + _ _ _ _ + + nr nr 
Glutarate, pyruvate + _ _ _ _ + _ nr nr 
cis-Aconitate, adipate, fumarate, DL-3-hydroxybutyrate, = = = = = + _ nr nr 
L-malate, itaconate, pr-lactate, mesaconate, 
oxoglutarate, suberate, L-alanine, L-proline, 
L-phenylalanine 
citrate - _ _ _ _ + _ _ nr 
Hydrolysis of: 
pNP B-p-Glucuronide = = = = + = = nr nr 
pNP Phosphate, r-proline, p-nitroanilide (pNA) nr nr + + _ + + + + 
pNP o-p-Glucopyranoside + + = + + + + = nr 
pNP B-Glucopyranoside - * - = + = = nr nr 
bis-pNP Phosphate + + _ E * * * nr nr 
pNP Phenyl-phosphonate = + - = = + £ nr nr 
L-Alanine pNA + + + + + + + nr nr 
L-Glutamate-y-3-carboxy-pNA = = = = = + + nr nr 
“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; nr, not reported; PNP, para-nitrophenyl; pNA, 


pitroanilide. 
"Hirsch et al. (19982). 
‘Collins et al. (2000) reported no growth at 5°C. 


‘Collins et al. (2000) reported growth at 42°C. 


within the genus Hymenobacter, but strain Taxeobacter sp. SAFR- 
033 appears to be a representative of a novel genus. 


Maintenance procedures 


For long-term storage, Hymenobacter cultures may be lyophilized 
by common procedures that are used for many bacteria; alter- 
natively, cultures can be stored at -80°C in potassium phosphate 
buffer/25% glycerol (v/v). 


Enrichment and isolation procedures 


Temperatures between 20 and 28°C and, low nutrient media 
with neutral pH such as R2A* or PYE agar! appear to be most 


*R2A agar has the following composition (g/l): yeast extract, 0.5; casein hydro- 
lysate, 0.5; glucose, 0.5; starch, 0.5; K,HPO , 0.3; MgSO,, 0.024; Na-pyruvate, 0.3; 
agar, 15.0; pH 7.2 + 0.2. 

'PYE agar has the following composition (g/1): yeast extract, 3.0; peptone from 
casein, 3.0; agar, 15.0; pH 7.2. 
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TABLE 97. Fatty acid profiles of Hymenobacter species* 
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a 
g " š 
š $ & 
£ Es Š 
Es Es x 
C,,,, iso 0.6 
Ciso a = B 
Unknown 13.565 - 0.5 0.8 
C, iso 0.5 = 
C, iso G _ 0.6 0.8 
C,,,, anteiso A - - 1d 
Summed feature: C,,, iso I/C,, 3-OH _ 2.1 _ 
Cz iso 8.3 31.1 17.3 
Cs anteiso - 8.7 23.1 
Cz iso 3-OH 2.7 4.1 2.3 
C; iso 2-OH - - 0.9 
C,,,,06¢ - - - 
Cis, B i B 
Cie iso H 2:7 2.0 3.7 
Cso iso 9-OH 1.0 - - 
C, 5c 23.3 8.9 11.3 
Summed feature: C,,, @7¢/C,,,, iso 2-OH 29.8 13.9 17.6 
Ciso iso FAT 1.4 27 
Cso anteiso - - - 
Uri 1.1 - - 
Cico OH 1.2 0.5 - 
Unknown 16.580 - - - 
Cz iso 1.7 2.6 1.7 
C; anteiso - = 2.0 
Cz iso 3-OH 5.8 6.2 3.7 
Ciz 2-OH - - 1.7 
C, 6c 1.1 _ _ 
C,,, iso 9c - 0.7 - 
Summed feature: C,,,, iso 1/C,,,, anteiso B 18.5 20.8 9.4 
C,,., O9¢ _ _ _ 
C. w7c _ _ - 


Given as relative (%) amounts; tr, traces; nr, not reported. 


appropriate for isolation of hymenobacters. The ability of 
several Hymenobacter species to survive under unfavorable 
conditions such as exposure to increased desiccation (Buczolits 


1 


Bo E š 3 š = 
= S S S = z 
x x x x Es x 
_ 0.6 _ _ _ 
_ _ _ _ 1.5 1.9 
nr 1.5 0-0.4 nr 0.8 - 
nr - - - - 2.0 
nr - 0-0.5 - _ _ 
_ 2.7 0.8-1.4 2.3 0.8 2:2 
34.8 36.7 10.8-15.0 22.3 27.3 19.5 
5.9 3.9 18.6-22.3 25.8 10.6 3.7 
- 4.3 1.3-1.6 1.6 2.2 2.2 
- - 0.5-0.9 0.8 - - 
- - 0.8-1.2 0.8 0.5 - 
nr - nr nr 0.5 - 
- 1.3 1.4-1.5 1.5 1.4 1.8 
15.0 2.0 6.6-7.9 3.7 13.6 10.6 
13.8 5.4 21.4-22.3 13.1 23.6 20.2 
- 2.9 0.8 - 1.2 1.0 
1.9 - 0-0.7 - - - 
6.4 0.6 1.6-1.7 - 2.2 6.2 
= = e E 0.6 i 
5.0 2.8 2.7-4.5 1.8 1.6 1.8 
- - 1.3-2.3 0.7 - tr 
3.1 6.8 2.6-3.5 3.1 3.0 3.4 
- - 0.8-1.3 2.0 - tr 
_ 1.2 0-0.7 0.7 - - 
nr 0.6 0-0.5 - - - 
14.4 26.9 17.7-18.8 19.9 8.3 8.5 
- - - - - 1.1 
- - - - - 4.8 
- - - - - 6.5 


et al., 2002; Hirsch et al., 1998a; Reichenbach, 1992b) or at 
high levels of radiation (Collins et al., 2000) may be useful for 
development of more specific isolation procedures. 


List of species of the genus Hymenobacter 


. Hymenobacter roseosalivarius Hirsch, Ludwig, Hethke, 


Sittig, Hoffmann and Gallikowski 1999, 1V* (Effective pub- 
lication: Hirsch, Ludwig, Hethke, Sittig, Hoffmann and Gal- 
likowski 1998a, 382.) 


ro'se.o.sa.li.va'ri.us. L. adj. roseus rose colored; L. adj. salivar- 
ius salivary, slimy; N.L. masc. adj. roseosalivarius indicating a 
rose-colored bacterium surrounded by much polymer. 


The characteristics are as described for the genus and 
as listed in Tables 96 and 97, with the following additional 
features. Cells produce (often subpolarly) extracellular 
polymer and aggregate to form tight, thin, and spreading 
reddish layers on agar surfaces. Growth in liquid cultures is 
turbid. Does not grow at 37°C. r-Aspartate is used as a carbon 


source, but not glutamate. The maximum salt tolerance is 
0.5-2.0% NaCl. Pectin and cellulose are not hydrolyzed. The 
fatty acid profile is given in Table 97. 

Source: sandstone and soils of the Dry Valleys region of 
Antarctica. 

DNA G+C content (mol % ): 56 (HPLC). 

Type strain: AA-718, CIP 106397, DSM 11622. 

Sequence accession no. (16S rRNA gene): Y18833. 


. Hymenobacter actinosclerus Collins, Hutson, Grant and 


Patterson 2000, 733? 

ac.ti.no.scle’rus. Gr. n. actis, actinos ray, beam; Gr. adj. scleros 
hard; N.L. masc. adj. actinosclerus hard against rays, pertain- 
ing to the organism’s radiation resistance. 
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Adhaeribacter aquaticus DSM 163917 (AJ626894) 
Flexibacter flexus IFO 15060! (AB078050) 
Taxeobacter sp. SAFR-033 (A Y167829) 
Pontibacter actiniarum KMM 6156! (A Y989908) 
Effluviibacter roseus DSM 17521" (AM049256) 
Hymenobacter ocellatus DSM 11117! (Y18835) 
Cytophagales str. S23328 (D84607) 
Hymenobacter sp. PB17 (AB251884) 
Bacteroidetes bacterium P3 (DQ351728) 

Hymenobacter actinosclerus CCUG 39621! (Y17356) 

Antarctic bacterium R-7572 (AJ440980) 
Hymenobacter aerophilus DSM 13606! (AJ276901) 
Hymenobacter chitinivorans DSM 11115" (Y18837) 
Hymenobacter sp. zf-IRIt3 (DQ223662) 


P Hymenobacter norwichensis DSM 154391 (AJ549285) 


Taxeobacter sp. SAFR-023 (A Y167836) 


Hymenobacter sp. N/S2 (AJ549284) 
Hymenobacter rigui KCTC 125331 (DQ089669) 


L— —— Hymenobacter gelipurpurascens DSM 11116! (Y18836) 


Hymenobacter sp. Tibet-IITU11 (DQ177475) 


Hymenobacter xinjiangenisis CCTCC AB 206080! (DQ888329) 


Taxeobacter sp. GIC34 (AY439245) 
r — Hymenobacter sp. 21/4 (DQ365992) 


— —— Hymenobacter roseosalivarius DSM 116221 (Y18833) 


FIGURE 75. Maximum likelihood dendrogram showing phylogenetic relatedness among Hymenobacter species and 


so far unnamed isolates considered to represent novel species of the genus. Numbers at the nodes indicate boot- 
strap values (500 replications). The scale bar represents 10% sequence divergence. 


The characteristics are as described for the genus and as 
listed in Tables 96 and 97, with the following additional fea- 
tures. Cell dimensions are 0.5-0.6 x 2.0-3.6 um. No variation 
in cell morphology is observed in old cultures. Colonies on 
yeast extract peptone agar are circular, entire, opaque, and 
not easily emulsified. A waterinsoluble red pigment is pro- 
duced. Fluorescent pigments are not produced on King's 
A or B media. Chemo-organotrophic. Aerobic, having a 
respiratory type of metabolism, with an ability to grow under 
microaerobic conditions. Oxidase- and catalase-positive. 
Acid and gas are not produced from D-glucose. Starch is 
hydrolyzed, but not esculin. Alkaline phosphatase, acid phos- 
phatase, ester lipase C8, cystine arylamidase, leucine arylam- 
idase, valine arylamidase, Macetyl-B-glucosaminidase, and 
phosphoamidase activity are detectable with the API ZYM 
system. Lipase C14, chymotrypsin, trypsin, o-galactosidase, 
P-galactosidase, B-glucuronidase, B-glucosidase, a-fucosidase, 


o-mannosidase, and urease activity are not detectable. 
Nitrate reduction, H,S production, and indole production 
are negative. Growth occurs at 42°C but not at 5°C. Optimal 
growth temperature, 25-30°C. Highly radiation-resistant 
with a D,, in sodium phosphate buffer of 3.45 kGy and on 
minced pork of 5.05 kGy. The fatty acid profile is given in 
Table 97. 

Source: pork chops irradiated with 1.75 kGy. 

DNA G+C content (mol % ): 62 (T). 

Type strain: CCUG 39621, CIP 106628. 

Sequence accession no. (16S rRNA gene): Y17356. 


3. Hymenobacter aerophilus Buczolits, Denner, Vybiral, Wieser, 
Kampfer and Busse 2002, 454V* 


aer.o.phi'lus. Gr. n. aer air; N.L. masc. adj. philus (from Gr. 
masc. adj. philos) friend, loving; N.L. masc. adj. aerophilus air- 
loving, indicating its survival when suspended in air. 
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The characteristics are as described for the genus and 
as listed im Tables 96 and 97, with the following additional 
features. Cells are 0.4—0.75 x 1.3-5.0 um. Cells grow best 
on nutrient-reduced media such as CasMM* and R2A agar. 
Colonies on CasMM and R2A agar are translucent, red, cir- 
cular, entire, low-convex, smooth, and slimy; the diameter 
is as much as 3.0 mm after 5 d at 28°C, and the colonies 
spread on CasMM agar. Colonies on standard bacteriological 
media such as PYES! agar and TSA are opaque, red, circular, 
entire, convex, and smooth; diameter is up to 2.0 mm after 
5 d of incubation at 28°C. No growth occurs on MacCon- 
key or Czapek-Dox agar. The optimum growth temperature 
is room temperature. The temperature range for growth is 
4—28°C; no growth occurs at 37°C. Tolerance maximum for 
growth in the presence of NaCl is 2.0%. A water-insoluble 
red pigment is produced; the visible absorption spectrum of 
the acetone-extracted pigment shows a maximum at 482 nm 
and two slight inflexions at 453 and 505 nm. Cells assimi- 
late acetate, propionate, D-fructose, D-glucose, D-mannose, 
and sucrose and display positive reactions in the following 
tests: catalase, L-alanine aminopeptidase, DNase, alkaline 
phosphatase, esterase (C4), esterase (C8), leucine arylami- 
dase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, 
valine arylamidase, hydrolysis of Tween 80, pnitrophenyl 
(pNP) a-b-glucopyranoside, pNP  phenylphosphonate, 
L-proline pnitroanilide (pNA), r-alanine pNA, r-glutamate 
y-3-carboxy-pNA, bis-pNP phosphate, and 2-deoxythymidine- 
5-pNP phosphate. Depending on the sensitivity of the 
method applied, strains show either no catalase reaction or 
only a weakly positive one. Cells are susceptible to bacitracin, 
chloramphenicol, colistin sulfate, erythromycin, fusidic acid, 
gentamicin, kanamycin, nitrofurantoin, penicillin G, poly- 
myxin B, tetracycline, and vancomycin. The fatty acid profile 
is given in Table 97. 

Source: air in the Museo Correr, Venice, Italy. 

DNA G+C content (mol96): 60-63 (HPLC). 

Type strain: 1/26-Corl, CCUG 49624, DSM 13606, LMG 
19657. 

Sequence accession no. (16S rRNA gene): AJ276901. 


4. Hymenobacter chitinivorans Buczolits, Denner, Kàmpfer 
and Busse 2006, 2077V* (Taxeobacter chitinovorans Reichen- 
bach 1992b, 182) 


chi.ti.ni.vo'rans. N.L. neut. n. chitinum chitin; L. part. adj. 
vorans devouring; N.L. part. adj. chitinivorans devouring 
chitin. 

The characteristics are as described for the genus and as 
listed in 96 and 97, with the following additional features. 
Cells are approximately 0.8 x 4.0 um. Colonies are brick red. 
Growth occurs on PYES agar, Czapek-Dox agar, and R2A 
but not on MacConkey agar. Oxidase- and catalase-positive. 
Nitrate reduction is weakly positive without production of N,. 
Negative for production of indole from tryptophan and for 
arginine dihydrolase and urease. Chitin is degraded. Positive 


*CasMM agar (g/l): K,HPO,, 0.6; Na,HPO,-2H,O, 0.05; MgSO,-7H,O, 0.05; 
MgCl,-7H,O, 0.1; KNO,, 0.2; FeCl,-6H,O, 0.010; casein, 0.8; yeast extract, 0.4; 
agar, 15.0; pH 7.0. 

'PYES agar (g/1): yeast extract, 3.0; peptone from casein, 3.0; sodium succinate, 
2.3; agar, 15.0; pH 7.2. 


for alkaline phosphatase, esterase C4 (weakly), esterase 
lipase C8 (weakly), leucine arylamidase, and naphthol-AS-BI- 
phosphohydrolase (weakly) with the API ZYM system. Nega- 
tive for lipase C14, valine arylamidase, cystine arylamidase, 
trypsin, chymotrypsin, acid phosphatase, o-galactosidase, 
B-galactosidase, p-glucuronidase, o-glucosidase, -glucosi- 
dase,  NacetyLf-glucosaminidase,  o-mannosidase, and 
a-fucosidase. Sensitive to bacitracin (10 IU), chlorampheni- 
col (30 ug), colistin sulfate (10 ug), erythromycin (15 ug), 
fusidic acid (10 ug), gentamicin (10 ug), kanamycin (30 ug), 
penicillin G (10 IU), vancomycin (30 pg), polymyxin B sul- 
fate (300 IU), and tetracycline (10 ug). The fatty acid profile 
is given in Table 97. 

Source: soil. 

DNA G+C content (mol % ): ~61 (analytical ultracentrifuge). 

Type strain: strain Txcl, DSM 11115, LMG 21951. 

Sequence accession no. (16S rRNA gene): Y18857. 


. Hymenobacter gelipurpurascens Buczolits, Denner, Kampfer 


and Busse 2006, 2077"" ( Taxeobacter gelupurpurascens Reichen- 
bach 1992b, 182) 


ge.lu.pur.pu.ras’cens. L. masc. n. gelus -us (or L. neut. 
n. gelum -i) the ice cold; L. part. adj. purpurascens turning 
purple; N.L. part. adj. gelipurpurascens becoming purple in 
the cold. 


The characteristics are as described for the genus and as 
listed in Tables 96 and 97, with the following additional fea- 
tures. Size of cells is approximately 0.5 x 2.0 um. Colonies are 
brick red, but ata growth temperature of 2-6^C, and colonies 
grown on a certain medium are deep blood-red (Reichen- 
bach, 1992b). Growth occurs on PYES agar, Czapek-Dox 
agar, and R2A, but not on MacConkey agar. Oxidase- and 
catalase-positive. Nitrate reduction is weakly positive without 
production of N,. Negative for production of indole from 
tryptophan and for arginine dihydrolase and urease. Posi- 
tive for alkaline phosphatase, esterase C4 (weakly), esterase 
lipase C8 (weakly), leucine arylamidase, valine arylamidase 
(weakly), and naphthol-AS-BI-phosphohydrolase (weakly) 
with the API ZYM system. Negative for lipase C14, cystine 
arylamidase, trypsin, chymotrypsin, acid phosphatase, 
a-galactosidase, -galactosidase, -glucuronidase,  a- 
glucosidase,  f-glucosidase, N-acetyl-B-glucosaminidase, 
o-mannosidase, and a-fucosidase. Sensitive to bacitracin 
(10 IU), chloramphenicol (30 ug), colistin sulfate (10 ug), 
erythromycin (15 ug), fusidic acid (10 pg), gentamicin 
(10 pg), kanamycin (30 ug), penicillin G (10 IU), vancomy- 
cin (30 ug), polymyxin B sulfate (300 IU), and tetracycline 
(10 ug). The fatty acid profile is given in Table 97. 

Source: soil. 

DNA G+C content (mol 96): ~57-58 (analytical ultracentri- 
fuge). 

Type strain: Txg1, DSM 11116, LMG 21873. 

Sequence accession no. (16S rRNA gene): Y18836. 


6. Hymenobacter norwichensis Buczolits, Denner, Kampfer 


and Busse 2006, 2077" 


nor.wi.chen'sis. N.L. masc. adj. norwichensis of or belonging to 
Norwich, a city in England where the type strain was isolated. 


The characteristics are as described for the genus and 
as listed in Tables 96 and 97, with the following additional 
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features. Size of cells is approximately 2-3 x 0.8 um. Colonies 
are brick red. Growth occurs on PYES agar, and R2A but not 
on Czapek-Dox agar or MacConkey agar. Oxidase- and cata- 
lase-positive. Nitrate reduction is positive without production 
of N,. Negative for production of indole from tryptophan 
and for arginine dihydrolase and urease. Positive for alka- 
line phosphatase, esterase C4 (weakly), esterase lipase C8 
(weakly), leucine arylamidase, valine arylamidase (weakly), 
acid phosphatase (weakly), naphthol-AS-BI-phosphohydro- 
lase and f-glucosidase (weakly) with the API ZYM system. 
Negative for lipase C14, cystine arylamidase, trypsin, chy- 
motrypsin, o-galactosidase, B-galactosidase, B-glucuronidase, 
a-glucosidase, Macetyl-p-glucosaminidase, o-mannosidase, 
and a-fucosidase. Sensitive to bacitracin (10 IU), chloram- 
phenicol (30 ug), colistin sulfate (10 ug), erythromycin (15 
ug), fusidic acid (10 ug), gentamicin (10 ug), kanamycin (30 
Hg), penicillin G (10 IU), vancomycin (30 ug), polymyxin 
B sulfate (300 IU), and tetracycline (10 ug). The fatty acid 
profile is given in Table 97. 

Source: air in the Sainsbury Centre for Visual Arts in Nor- 
wich (UK). 

DNA G+C content (mol96): not reported. 

Type strain: NS/50, DSM 15439, LMG 21876. 

Sequence accession no. (16S rRNA gene): AJ549285. 


. Hymenobacter ocellatus Buczolits, Denner, Kàmpfer and 
Busse 2006, 2076V" ( Taxeobacter ocellatus Reichenbach 1992b, 
182) 


o.cel.la'tus. L. masc. adj. ocellatus showing little eyes, refer- 
ring to the bright granules at the cell poles. 


Cells are approximately 1 x 3-6 um. Colonies are brick 
red. Growth occurs on PYES agar, Czapek-Dox agar, and R2A 
but not on MacConkey agar. Oxidase- and catalase-positive. 
Nitrate reduction is weakly positive without production of 
N,.Negative for production of indole from tryptophan and 
for arginine dihydrolase and urease. Positive for alkaline 
phosphatase, esterase lipase C8 (weakly), leucine arylami- 
dase (weakly) and  naphthol-AS-BI-phosphohydrolase 
(weakly) with the API ZYM system. Negative for esterase C4, 
lipase C14, valine arylamidase, cystine arylamidase, trypsin, 
chymotrypsin, acid phosphatase, a-galactosidase, B-galactosi- 
dase, B-glucuronidase, o-glucosidase, p-glucosidase, N-acetyl- 
B-glucosaminidase,  o-mannosidase, and  o-fucosidase. 
Sensitive to bacitracin (10 IU), chloramphenicol (30 ug), 
colistin sulfate (10 ug), erythromycin (15 ug), fusidic acid 
(10 ug), gentamicin (10 ug), kanamycin (30 pg), penicillin 
G (10 IU), vancomycin (30 ug), polymyxin B sulfate (300 
IU), and tetracycline (10 ug). The fatty acid profile is given 
in Table 97. 

Source: dung of an antelope. 

DNA G+C content (mol % ): ~65 (analytical ultracentrifuge). 

Type strain: Myx 2105, Txol, DSM 11117, LMG 21874. 

Sequence accession no. (16S rRNA gene): Y18835. 


. Hymenobacter rigui Baik, Seong, Moon, Park, Yi and Chun 
2006, 2191" 
ri'gui. L. gen. n. rigui, of a well-watered place. 


Cells produce water-insoluble pinkish-red pigment. Cells 
grow best on R2A and TSA, and weakly on nutrient agar. 
Colonies on tryptic soy agar are translucent, low-convex, 


circular, smooth, and slimy, with a diameter up to 3.0 mm 
after 5 d at 25-30*C (pH 7). Growth occurs in the presence 
of 0-2% (w/v) NaCl (optimum 0%), at pH 5-11 (optimum 
pH 6), and at 4-37^C (optimum 30°C). Oxidase-negative 
and catalase-positive. Nitrate is not reduced to nitrite. Escu- 
lin hydrolysis is weakly positive. Citrate is not utilized. Nega- 
tive for fermentation of glucose. Gelatinase is produced but 
not arginine dihydrolase, urease, lysine decarboxylase, orni- 
thine decarboxylase, tryptophan deaminase, H,S, indole, 
or acetoin. Positive for alkaline phosphatase, esterase (C4), 
esterase lipase (C8), leucine arylamidase, acid phosphatase, 
naphthol-AS-BI-phosphohydrolase, valine arylamidase, and 
a-glucosidase, but not lipase (C14), trypsin, o-chymotrypsin, 
P-glucuronidase, a-galactosidase, -galactosidase,  p-glu- 
cosidase, o-mannosidase, or a-fucosidase. The following 
substrates are utilized as sole carbon and energy sources: 
galactose, esculin, starch, lactose, inulin, melezitose, raffinose, 
glycogen, and gentiobiose. The following substrates are not 
utilized: glycerol, erythritol, p-arabinose, L-arabinose, ribose, 
D-xylose, L-xylose, adonitol, D-methyl-b-xylopyranoside, sor- 
bose, rhamnose, dulcitol, inositol, p-mannitol, p-sorbitol, 
a-methyl-b-mannopyranoside, o-methyl-p-glucopyranoside, 
Nacetylglucosamine, amygdalin, arbutin, melibiose, xylitol, 
D-turanose, D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabi- 
tol, L-arabitol, and gluconate. The fatty acid profile is given 
in Table 97. 

Source: freshwater of Woopo wetland, Republic of Korea. 

DNA G+C content (mol % ): 65 (T. ). 

Type strain: WPCB131, IMSNU 14116, KCTC 12533, NBRC 
101118. 

Sequence accession no. (16S rRNA gene): DQ089669. 


. Hymenobacter xinjiangensis Zhang, Liu, Tang, Zhou, Shen, 


Fang and Yokota 2007, 1754’? 
xin jiang.en’sis. N.L. masc. adj. xinjiangensis pertaining to 
Xinjiang, an autonomous region in North-West China). 
Cells (~0.7 x 2-5 um) are rod-shaped, Gram-stain-negative, 
aerobic, nonsporeforming bacteria. Motility is not observed. 
Cells grow best on nutrient-reduced media such as 0.1x TSA 
and PYES agar. Colonies on 0.1x TSA and PYES agar are 
translucent, pink, circular, entire, low-convex, and rough; 
diameter is up to 1.5 cm after 5 d at 28°C. The temperature 
range for growth is 4-37°C; optimum, 28°C. Oxidase- and 
catalase-positive. Esculin hydrolysis is positive. Negative for 
fermentation of glucose, nitrate reduction, H,S production, 
citrate utilization, indole production, and urease. Using the 
API ZYM system, the following enzyme activities are detect- 
able: alkaline phosphatase, esterase C4, esterase lipase C8, 
leucine arylamidase, valine arylamidase, cystine arylami- 
dase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, 
Nacetyl-B-glucosaminidase, and a-mannosidase. The follow- 
ing are not detectable: lipase C14, trypsin, chymotrypsin, 
o-galactosidase, ^ p-galactosidase, ^ -glucuronidase, a- 
glucosidase, -glucosidase, and a-fucosidase. The following 
are positive with the Biolog system: dextrin, p-cellobiose, 
i-erythritol, r-fucose, lactulose, maltose, D-mannitol, D-psi- 
cose, D-sorbitol, sucrose, p-trehalose, acetic acid, p-galactur- 
onic acid, p-gluconic acid, p-glucosaminic, y-hydroxybutyric 
acid, propionic acid, succinic acid, glucuronamide, r-alanine, 
glycyl-L-glutamic acid, L-serine, DL-carnitine, thymidine, and 
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a-p-glucose-l-phosphate. Negative in the Biolog system 
are: a-cyclodextrin, Tween 40, Tween 80, Macetyl-p-galac- 
tosamine, adonitol, L-arabinose, D-arabitol, gentiobiose, 
a-b-glucose, a-D-lactose, D-methyl-p-glucoside, pyruvic acid 
methyl ester, succinic acid methyl ester, cis-aconitic acid, cit- 
ric acid, formic acid, p-galactonic acid lactone, o-hydroxy- 
butyric acid, B-hydroxybutyric acid, f-hydroxyphenylacetic 
acid, itaconic acid, a-ketobutyric acid, a-ketoglutaric acid, 
a-ketovaleric acid, pr-lactic acid, malonic acid, quinic acid, 
sebacic acid, bromosuccinic acid, succinamic acid, r-alani- 
namide, L-alanyl-glycine,  r-asparagine,  glycyl-L-aspartic 
acid, r-histidine, hydroxy-L-proline, r-leucine, L-ornithine, 
L-phenylalanine, r-proline, L-pyroglutamic acid, p-serine, 
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L-hreonine, y-aminobutyric acid, urocanic acid, inosine, 
uridine, phenyethylamine, putrescine, 2-aminoethanol, 
2,3-butanediol, and glycerol. Sensitive to chloramphenicol, 
colistin sulfate, erythromycin, gentamicin, penicillin G, poly- 
myxin B sulfate, tetracycline, and vancomycin. Tolerates high 
doses of gamma radiation with D, of 4.8 kGy. The quinone 
system is menaquinone MK-7. 

Source: soil of the Xinjiang Desert, China following irradia- 
tion by gamma rays. 

DNA G«C content (mol96): 54 (T, ). 

Type strain: X2-1g, CCTCC AB 206080, IAM 15452, JCM 
23206. 

Sequence accession no. (16S rRNA gene): DQ888329. 


Other organisms 


If a threshold value of 16S rRNA similarity is considered to be 
90% for assignment to the genus Hymenobacter, then depos- 
ited 16S rRNA gene sequences indicate the presence of sev- 
eral strains in institutional culture collections that might be 
described as novel species of the genus. These strains, and their 
% rRNA gene similarity to established species of the genus 
Hymenobacter, are listed below. 


1. Antarctic bacterium R-7572 (accession no. AJ440980) iso- 
lated from a microbial mat, Fryxell Lake, McMurdo Dry Val- 
leys, Antarctica (Van Trappen et al., 2002), has a 16S rRNA 
similarity value of 91.1-96.8%. 


2. Taxeobacter sp. GIC34 (accession no. AY439245) isolated 
from glacial ice core, Greenland (Miteva et al., 2004), hasa 
16S rRNA similarity value of 90.3-98.1%. 


3. Hymenobacter sp. 21/4 (accession no. DQ365992) isolated 
from soil in Victoria Land, Antarctica (Aislabie et al., 2006) 
has a 16S rRNA similarity value of 90.0-97.1%. 


4. Hymenobacter sp. zf-IRIt3 (accession no. DQ223662) isolat- 
ed from ice cores, East Rongbuk Glacier, Mt. Qomolangma, 
Himalaya (Zhang et al., 2006), has a 16S rRNA similarity 
value of 90.2-98.4%. 


5. Taxeobacter sp. SAFR-023 (accession no. AY167836) iso- 
lated from spacecraft assembly facilities, has a 16S rRNA 
similarity value of 87.4-96.0%. 


6. Hymenobacter sp. Tibet-IIU11 (accession no. DQ177475) 
isolated from permafrost Qinghai-Tibet Plateau, China has 
a 16S rRNA similarity value of 90.5-96.6%.* 


7. Hymenobacter sp. PB17 (accession no. AB251884) isolated 
from soil in Daejeon, South Korea has a 16S rRNA similarity 
value of 90.2-92.4%.* 


8. Cytophagales str. 523328 (accession no. D84607) isolated 
from paddy field soil near Sendai, Japan (Mitsui et al., 
1997) has a 16S rRNA similarity value of 89.4—92.396. 


9. Bacteroidetes bacterium P3 (accession no. DQ351728) iso- 
lated from soil of La Gorce Mountains, Antarctica has a 16S 
rRNA similarity value of 90.3-91.3%. 


10. Taxeobacter sp. SAFR-033 (accession no. AY167836) iso- 
lated from spacecraft assembly facilities, shares 86.7—90.096 
16S rRNA gene sequence similarity with established species 
of the genus Hymenobacter but slightly higher values with 
Effluviibacter roseus (90.7%), Pontibacter actiniarum (91.6%), 
and Adhaeribacter aquaticus (91.9%). 


Genus X. Larkinella Vancanneyt, Nedashkovskaya, Snauwaert, Mortier, Vandemeulebroecke, Hoste, Dawyndt, 
Frolova, Janssens and Swings 2006, 239vP 


THE EpiroRIAL BoARD 


Lar.ki.nel'la. N.L. dim. fem. n. Larkinella named in honor of the American microbiologist John M. Larkin, who 
described the family Spirosomaceae in co-authorship with Renée Borrall. 


Ring-like and horseshoe-shaped cells 0.5-0.9 um wide and 
with an outer diameter of 1.5-3.0 um. Coils or helices are not 
formed. Motile by gliding. Nonsporeforming. Gram-stain-nega- 
tive. Strictly aerobic. Produce non-diffusible pale-pink pigments. 
Flexirubin-type pigments are absent. Chemo-organotrophic. 
Oxidase-, catalase-, and alkaline phosphatase-positive. Acid is 
not produced from a large variety of carbohydrates, including 
cellobiose, fructose, galactose, glucose, and sucrose. Dominant 
cellular fatty acids are C, iso, C,,, 5c, Cipo iso 3-OH, and 
summed feature 3 (comprising C; iso 2-OH, C,., 07c and/or 
C,,, 971). The main isoprenoid quinone is MK-7. 


DNA G+C content (mol % ): 53. 


Type species: Larkinella insperata Vancanneyt, Nedashkovs- 
kaya, Snauwaert, Mortier, Vandemeulebroecke, Hoste, Daw- 
yndt, Frolova, Janssens and Swings 2006, 239%". 


Enrichment and isolation procedures 


Larkinella insperata was isolated and purified from cooled water 
produced by a steam generator in a pharmaceutical company 


* Editorial note: Meanwhile, Hymenobacter sp. Tibet-IIU11 has been described as 
Hymenobacter psychrotolerans (Zhang et al., 2008; I[SEM 58, 1215-1220). 

Editorial note: Meanwhile, Hymenobactersp. PB17 has been described as Hymenobacter 
soli (Kim et al., 2008; IJSEM 58, 941-945). 


GENUS XI. LEADBETTERELLA 


in Belgium in 2004. Colonies on tryptic soy agar (BBL) at 28°C 
under aerobic conditions produce non-diffusible pale-pink pig- 
ments under aerobic conditions. 


Differentiation of the genus Larkinella from other genera 


Characteristics differentiating the genus Larkinella from related 
or morphologically similar genera are listed in Table 93 in the 
chapter on the genus Flectobacillus. 
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Taxonomic comments 


Vancanneyt et al. (2006) reported that, by 16S rRNA gene 
sequence analysis, the nearest neighbor of Larkinella insperata 
was Spirosoma linguale, with the type strains of the two species 
sharing a sequence similarity of 88.8%. Similarity values with 
the type strains of the type species of the genera Arcicella, Dyado- 
bacter, Flectobacillus, and Runella were lower: 83.6—86.3906. 


List of species of the genus Larkinella 


1. Larkinella insperata Vancanneyt, Nedashkovskaya, Snau- 
waert, Mortier, Vandemeulebroecke, Hoste, Dawyndt, Frol- 
ova, Janssens and Swings 2006, 239%? 


in.spe.ra'ta. L. fem. adj. insperata unexpected, referring to 
the unexpected source from which the bacterium was iso- 
lated. 


The characteristics are as described for the genus, with 
the following additional features. Colonies are 1-2 mm 
in diameter, circular, and shiny with entire edges. Growth 
occurs at 10-40°C and with 0-2% NaCl. B-Galactosidase 
activity is present. Nitrate is not reduced. H,S, indole, and 
acetoin (Voges—Proskauer reaction) are not produced. 
Gelatin and Tween 40 are hydrolyzed. No hydrolysis occurs 
of agar, casein, starch, DNA, Tweens 20 and 80, urea, cel- 
lulose (CM-cellulose or filter paper), and chitin. No acid is 
produced from adonitol, L-arabinose, p-cellobiose, dulci- 
tol, D-fructose, L-fucose, D-galactose, Macetylglucosamine, 


D-glucose, glycerol, inositol, p-lactose, D-maltose, mannitol, 
p-melibiose, r-raffinose, L-rhamnose, sorbitol, r-sorbose, 
D-sucrose, D-xylose, or r-xylose. r-Arabinose, p-glucose, p- 
lactose, D-mannose, and p-sucrose are utilized as sole carbon 
sources for growth, but not citrate, inositol, malonate, man- 
nitol, and sorbitol. Susceptible to ampicillin, carbenicillin, 
and doxycycline; resistant to benzylpenicillin, chloramphen- 
icol, erythromycin, gentamicin, kanamycin, lincomycin, 
neomycin, oleandomycin, polymyxin B, streptomycin, and 
tetracycline. Major fatty acid components (21.096) include 


C, Ciso iso, Ciso anteiso, Ciso iso 3-OH, Cs Cisa 5c, Ciso 
3-OH, C,,, iso 3-OH, C,,, iso 3-OH, and summed feature 3 
(comprising C,., iso 2-OH, C,,, o7c and/or C,,, 071). 


Source: water produced by a steam generator in a pharma- 
ceutical company in Belgium. 

DNA G+C content (mol % ): 53 (HPLC). 

Type strain: LMG 22510, NCIMB 14103. 

Sequence accession no. (16S rRNA gene): AM000022. 


Genus XI. Leadbetterella Weon, Kim, Kwon, Park, Cha, Tindall, Stackebrandt, Trüper and Go 2005, 2299"? 


THE EpitoriAL BoARD 


Lead.bet.te.rel'la. N.L. dim. fem. n. Leadbetterella named in honor of Edward R. Leadbetter, who studied 


bacteria belonging to the CFB group. 


Rods 0.6-0.9 x 2-7 um. Nonmotile. No gliding motility. Strictly 
aerobic. Gram-stain-negative. Oxidase- and catalase-positive. 
Colonies are orange. Flexirubin-type pigments are present. 
Growth occurs in the presence of 1% NaCl but not 3%. Several 
carbohydrates are used as sole carbon sources. Esculin, gela- 
tin, starch, and tyrosine are degraded. Major fatty acids are C,,, 
o7c/C,,., iso 2-OH, C; iso, C,,, iso 2-OH/C,., 6, C, iso 
3-OH, and C,,,. The respiratory quinone is MK-7. Isolated from 
cotton-waste composts. 

DNA G+C content (mol % ): 33. 

Type species: Leadbetterella byssophila Weon, Kim, Kwon, 
Park, Cha, Tindall, Stackebrandt, Trüper and Go 2005, 2299V*, 


Enrichment and isolation procedures 

Leadbetterella byssophila was isolated from cotton-waste composts 
by plating onto trypticase soy agar (TSA, pH 7.0; Difco) at 
30°C. 


Differentiation of the genus Leadbetterella 
from other genera 


In the family Cytophagaceae, Leadbetterella byssophila is the only 
species that has been isolated from cotton-waste composts. Its 


failure to grow in the presence of 3% NaCl differentiates it 
from most marine genera. Leadbetterella byssophila differs from 
Belliella, Cytophaga, Cyclobacterium, Hongiella, and Persicobacter 
by its production of flexirubin-type pigments. Its lack of glid- 
ing motility distinguishes it from the members of the genus 
Cytophaga and Reichenbachiella. The cells of Leadbetterella are 
straight rods, unlike the curved or horseshoe-shaped cells of 
Cyclobacterium. The hydrolysis of gelatin and starch differen- 
tiates Leadbetterella byssophila from Dyadobacter, as well as the 
much lower mol% G+C of its DNA (33 vs 44-49). Leadbetterella 
byssophila does not hydrolyze agar, unlike Reichenbachiella and 
some species of Cytophaga; moreover, it exhibits a lower mol% 
G+C value than Reichenbachiella and Cytophaga (33 vs 44.5 and 
39-46, respectively). 


Taxonomic comments 


On the basis on 16S rRNA analyses, Weon et al. (2005) reported 
that the type strain of Leadbetterella byssophila could be positioned 
in the family “Flexibacteraceae’. Moreover, according to a CLUSTAL 
w alignment of the members of the phylum Bacteroidetes, of the 
named species the type strain showed highest sequence similar- 
ity (85.4%) to the type strain of Belliella baltica. 
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List of species of the genus Leaabetterella 


1. Leadbetterella byssophila Weon, Kim, Kwon, Park, Cha, 
Tindall, Stackebrandt, Trüper and Go 2005, 2299". 
bys.so'phi.la. Gr. n. byssos cotton; N.L. fem. adj. phila (from 
Gr. fem. adj. phil) friend, loving; N.L. fem. adj. byssophila 
liking cotton. 

The characteristics are as described for the genus, with the 
following additional features. Colonies on TSA are initially 
light orange and convex with entire margins; with prolonged 
incubation, they become dark orange. Growth occurs at tem- 
peratures of 15-45°C and at pH 6.0-8.0. Growth occurs on 
0.596 yeast extract medium. Positive for O/F test (glucose). 
Positive for indole production and f-galactosidase (API 
20NE). Negative for nitrate reduction and arginine dihy- 
drolase (API 20NE). Negative for hydrolysis of casein, cel- 
lulose, chitin, DNA, Tweens 40 and 80, and urea. Growth on 
carbohydrates (API 20NE) occurs with Macetylglucosamine, 
arabinose, glucose, maltose, and mannose. The follow- 
ing enzyme activities are present (API ZYM system): alka- 
line phosphatase, leucine arylamidase, valine arylamidase, 
trypsin, acid phosphatase, naphthol-AS-BI-phosphohydro- 
lase, o-glucosidase, f-glucosidase, Macetyl-B-glucosamini- 
dase, and a-fucosidase (API ZYM); weak activity is detected 
for a-galactosidase and f-galactosidase. The following 


substrates are oxidized or weakly oxidized (API 50CH sys- 
tem): Macetylglucosamine, amygdalin, p-arabinose, arbutin, 
p-cellobiose, esculin, D-galactose, gentiobiose, D-glucose, 
D-actose, D-maltose, D-mannose, D-melibiose, methyl-a-p- 
glucopyranoside, methyl-a-b-mannopyranoside, L-rhamnose, 
salicin, starch, sucrose, and p-trehalose. The following com- 
pounds are assimilated or weakly assimilated (Biolog GN 20 
system): acetic acid, Nacetyl-b-galactosamine, Macetyl-p-glu- 
cosamine, r-alaninamide, r-alanine, r-alanylglycine, r-arab- 
inose, D-arabitol, L-asparagine, L-aspartic acid, p-cellobiose, 
a-cyclodextrin, dextrin, i-erythritol, D-fructose, D-galactose, 
p-galacturonic acid, gentiobiose, a-p-glucose, glucose-l- 
phosphate, D-glucose 6-phosphate, L-glutamic acid, glycerol, 
oa-DL-glycerol phosphate, glycogen, glycyl-L-aspartic acid, 
glycyl-1-glutamic acid, r-fucose, a-ketovaleric acid, pr-lactic 
acid, a-p-lactose, lactulose, maltose, D-mannose, D-melibiose, 
methyl-B-p-glucoside, methyl pyruvate, monomethylsucci- 
nate, L-ornithine, p-raffinose, L-serine, sucrose, L-threonine, 
thymidine, p-trehalose, turanose, and uridine. 

Source: cotton-waste composts in the Republic of Korea. 

DNA G+C content (mol % ): 33 (HPLC). 

Type strain: 4M15, DSM 17132, KACC 11308. 

Sequence accession no. (16S rRNA gene): AY854022. 


Genus XII. Meniscus Irgens 1977, 42^- 


Roar L. IRGENS 


Me.nis'cus. N.L. masc. n. meniscus (from Gr. masc. n. méniskos) crescent moon. 


Curved or straight rods, 0.7-1.0 um in diameter and 2.0-3.0 
um in length. Cultures may contain single cells, pairs, tightly 
coiled spirals, S shapes (two cells, one inverted), and doughnut- 
shaped cells, where the ends are overlapping before division by 
binary fission. “Rings” have outer diameters of about 3.0 um. 
Single polar flagellum. Stains Gram-negative. Nonmotile. Rest- 
ing stages not known. Encapsulated. Gas vacuoles arranged 
at random within cells. Colonies chalky white. Chemo-organ- 
otrophic; strictly fermentative metabolism with no gas produc- 
tion. Catalase-and oxidase-negative. Aerotolerantly anaerobic; 
capable of growth under an air atmosphere when at least 1% 
CO, is present. Vitamin B. thiamin and CO, are required for 
growth. Optimum temperature, 30°C. No growth at 10 or 40°C. 
Isolated from anaerobic digester sludge. 

DNA G+C content (mol % ): 44.9 (Bd). 

Type species: Meniscus glaucopis Irgens 1977, 421". 


Further descriptive information 


Cells of Meniscus appear as curved or straight rods. The curved 
rods often form ringlike shapes when the ends of a cell over- 
lap prior to cell separation. Helical, filamentous forms may also 
be seen. Gas vacuoles (Figures 76 and 77) may be observed by 
phase-contrast microscopy, and the individual gas vesicles are 
resolved by observing whole cells or thin sections in the trans- 
mission electron microscope. 

Colonies are circular, convex in elevation, with an entire mar- 
gin and smooth, glistening surface. The colonies may appear 


translucent or opaque, chalky white. The larger the number of 
gas vacuoles within the cells of the colony, the whiter the colony. 
The consistency of the colonies is buttery when grown anaero- 
bically and rubbery when grown aerobically. 

When grown to stationary phase in test tubes, the cells often 
rise to the surface where they form a white band. 

The cells apparently do not respire as aerobic and anaerobic 
cultures have the same cell yields. Fermentation end products 
when grown on maltose are acetic, propionic, and succinic 
acids (Irgens, 1977). 

Optimum growth occurs around 30°C at pH 7.0. Growth 
occurs at 15 and 35°C, but not at 10 or 40°C. Cobalamin (vitamin 
B,,), thiamin, and CO, are required for growth. Good growth in 
defined medium occurs with ammonium as the nitrogen source. 

The following characteristics are negative: deaminase (Casa- 
mino acids), urease, acetyl methyl carbinol, indole, H,S produc- 
tion and nitrate reduction. 

Cells ferment agar (weakly), dextrin, melezitose, raffinose, 
cellobiose, sucrose, lactose, maltose, melibiose, trehalose, fruc- 
tose, galactose, glucose, rhamnose (weakly), CH.-a-p-glucoside, 
esculin, salicin, p-ribose, p-xylose, and arabinose. They do not 
ferment mannose, sorbose, glycerol, lactate, mannitol, sorbitol, 
adonitol, dulcitol, inositol, or amino acids. They do not hydro- 
lyze starch, cellulose, DNA, gelatin, casein, pectin, inulin, gum 
arabic, tributyrin, chitin, xylan, or glycogen. 

Isolated from anaerobic digester sludge but probably also 
present in anaerobic hypolimnion of lakes. 


GENUS XII. MENISCUS 


FIGURE 76. Meniscus glaucopis ATCC 29398. Phase-contrast. Note gas 
vacuoles. Bar, 2.0 um. 


FIGURE 77. Meniscus glaucopis strain R. Phase-contrast. Note gas vacu- 
oles. Bar, 2.0 um. 


Enrichment and isolation procedures 


Members of this genus may be isolated on a complex medium 
(BGM) having the following composition (per liter): yeast 
extract, 1.0 g; KH,PO,, 0.5 g; NaCl, 0.4 g; NH,Cl, 0.4 g; 
CaCl,-2H,O, 0.01 g; sodium thioglycolate, 0.3 g; MgSO,-7H,O, 
0.2 g; FeSO,-7H,O, 0.001 g; at least 1% CO,; trace elements solu- 
tion (TES), 1.0 ml. The TES, modified from Pfennig’s formula 
(personal communication), contains (per liter): ZnSO,-7H,O, 
0.10 g; MnCI-4H,O, 0.03 g; H,BO,, 0.3 g; CoCl,-6H,O, 0.2 g; 
CuCl,-2H,O, 0.01 g; NiCl,-6H,O, 0.02 g; Na,MoO,-2H,O, 0.03 
g; pH 3.0-4.0. The pH of the medium is adjusted to 7.3 with 
10% Na,CO, before autoclaving, or the medium may be auto- 
claved with the pH unadjusted and then adjusted to about pH 
7.0 after autoclaving by the addition of 2.0 ml of 5.0 % NaHCO,, 
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sterilized by filtration, per 100 ml of medium. All solid media 
contain 1.0% CaCO, and 1.5% agar. Stock media contain 0.3% 
agar. Maltose, at a concentration of 0.2-0.5%, is used as the car- 
bon source for growth studies and stock cultures. Pour plates 
are prepared using anaerobic digester sludge as the inoculum. 
The plates are incubated in a GasPak anaerobic jar (BBL) at 
25-30°C. After 10 d chalky white colonies indicative of the pres- 
ence of gas vacuoles may be observed. 


Maintenance procedures 


Stock cultures are maintained in test tubes rendered anaerobic 
by the pyrogallic acid technique, or they may be maintained 
on slants in cotton-stoppered test tubes in anaerobic jars. Lyo- 
philized cultures may be stored indefinitely. 


Procedures for testing special characters 


The presence of gas vacuoles may be demonstrated by the dis- 
appearance of the vacuoles upon the application of a sharp 
blow with a hammer to a wet mount of the cells. The cover slip 
is protected with a 3—4-mm-thick rubber pad. Phase-contrast 
microscopic examination of wet mounts made with dilute India 
ink is used to demonstrate capsules. The hydrolysis of glycogen, 
inulin, pectin, gum arabic, and dextrin is tested in BGM broth 
without maltose. Hydrolysis is considered positive if growth 
occurs and the pH drops. 


Differentiation of the genus Meniscus from other genera 


Two genera of gas-vacuolated curved rods that may be confused 
with Meniscus are "Brachyarcus and Ancyclobacter (formerly 
Microcyclus) . “Brachyarcus” has never been isolated and differs 
from Meniscus in having cells arranged in groups (coenobia) 
consisting of two, four or more rings (Skuja, 1964). Ancyclobacter 
is differentiated from Meniscus as being a catalase-positive, obli- 
gate aerobe rather than an aerotolerant anaerobe and by hav- 
ing a mol% G+C of 66-69 (Van Ert and Staley, 1971). 


Taxonomic comments 


The assignment of Meniscus to the family Cytophagaceaeis uncer- 
tain. Garrity et al. (2005) originally classified the genus within 
the “Flexibacteraceae’ based upon phenotypic similarities to 
other members of this group. In preparation of this volume, the 
type genus of this family was replaced with Cytophaga because 
it has priority over Flexibacter (Ludwig et al., 2009), but most 
members of the group remained the same. In the absence ofa 
sequence for its 16S rRNA gene, the phenotypic evidence was 
not sufficient to exclude Meniscus from the new family. How- 
ever, the phenotypic evidence does not provide strong support 
for its assignment to this family. Most of the Cytophagaceae are 
catalase- and oxidase-positive aerobes, while Meniscus is cata- 
lase- and oxidase-negative and an aerotolerant anaerobe. How- 
ever, within the Cytophagaceae, the genus Spirosoma contains a 
facultative anaerobic species, and a few other genera are either 
oxidase- or catalase-negative. Likewise, Arcicella, Larkinella and 
Runella form similar ring-like arrangements of cells, although 
all possess other morphological differences with Meniscus. In 
addition, gas vacuoles, which are abundant in Meniscus, have 
not been reported in other members of this family. Gas vesicles 
are also present in many morphologically and physiologically 
unrelated taxa and are not reliable taxonomic characteristics. 
At this time, it is also not possible to exclude a relationship 
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of Meniscus to nonvacuolated vibrios within the Proteobacteria, 
such as Aquaspirillum and Vibrio, and possibly to other Gram- 
stain-negative, aerotolerant anaerobes such as Zymomonas and 
Eikenella. While Meniscus was excluded from these genera on 
phenotypic grounds (Irgens, 1977), a familial relationship may 


FAMILY |. CYTOPHAGACEAE 


still exist. Meniscus glaucopis includes both a vibrioid strain and 
a straight rod strain. This is justified by the fact that all meta- 
bolic and physiological characteristics tested are identical for 
the two strains. These strains are merely morphovars of the 
same species. 


List of species of the genus Meniscus 


1. Meniscus glaucopis Irgens 1977, 42^- 


glau.co'pis. N.L. masc. adj. glaucopis (from Gr. adj. glauk6- 
pis) gleaming-eyed (an epithet of the warlike goddess Ath- 
ena), perhaps a reference to the presence of refractile gas 
vacuoles. 


The description of the species is the same as the genus. 
Isolated from anaerobic digester sludge. 

DNA G+C content (mol % ): 44.9 (Bd). 

Type strain: ATCC 29398. 

Sequence accession no. (16S rRNA gene): not available. 


Genus XIII. Microscilla Pringsheim 1951, 140 emend. Lewin 1969, 1944 


YASUYOSHI NAKAGAWA 


Mic.ro.scil'la. Gr. adj. micros small; L. n. oscillum swing; N.L. fem. n. Microscilla intended to mean small 


swinging organisms. 


Long thin flexible threadlike rods usually 10-100 um long 
or longer. Motile by gliding. Cell mass more or less intensely 
orange. Strictly aerobic and chemo-organotrophic. All grow on 
peptones as sole source of nitrogen. Chitin and cellulose are 
not attacked, but other polysaccharides including carboxym- 
ethyl cellulose may be decomposed. Marine organisms. No 
growth occurs in half-strength seawater. 

DNA G+C content (mol % ): 3'7—44. 

Type species: Microscilla marina Pringsheim 1951, 140, emend. 
Lewin 1969, 2014". 


Further descriptive information 


The major quinone of Microscilla marina, “Microscilla furvescens", 
and “Microscilla sericea” is MK-7 (Nakagawa, unpublished). The 
major polyamines of Microscilla marina are cadaverine, spermi- 
dine, and putrescine; that of “Microscilla furvescens” is homosper- 
midine. “Microscilla sericea” contains mainly homospermidine in 
addition to agmatine (Hamana and Nakagawa, 2001). 


Enrichment and isolation procedures 


No enrichment media have been designed for isolation of 
Microscilla strains. Standard procedures to isolate marine bac- 
teria can be applied. Colonies of Microscilla are usually orange 
to yellow. Microscilla strains have been isolated from marine 
environments at widely separated sites (Lewin, 1969; Lewin and 
Lounsbery, 1969). The type strains of Microscilla marina and 
“Microscilla sericea” came from the marine aquarium in La Jolla, 
California. The type strain of " Microscilla furvescens" was isolated 
from marine sand in Samoa. 


Maintenance procedures 


Cultures of Microscilla strains can be preserved by freezing at 
temperatures lower than -80°C. For freezing, cells are sus- 
pended in Marine broth 2216 (Difco) containing 10% glycerol 
or 7% DMSO. Microscilla strains are rather sensitive to drying; 
however, they can be preserved in a protective medium SM2 or 
SM3 (see the chapter on Flammeovirga for formulations) by the 
liquid drying method, or by freeze drying. 


Differentiation of the genus Microscilla from other genera 


Phylogenetic analysis based on 16S rRNA sequences shows that 
Microscilla marina, the type species of the genus Microscilla, is 
phylogenetically independent in the phylum Bacteroidetes (see 
Figure 74 of the chapter Flexibacter). However, because few taxo- 
nomic characteristics have been investigated since the original 
descriptions, it is impossible to discriminate the genus Micros- 
cilla from other related genera only by phenotypic characteris- 
tics. It is hoped that additional strains will be isolated and useful 
differential chemotaxonomic, physiologic, and biochemical 
characteristics of the genus Microscilla will be investigated. AII 
species possess MK-7 as the major quinone, which is useful for 
differentiating the genus from the family Flavobacteriaceae, which 
is characterized by MK-6 (Bernardet et al., 2002; Nakagawa and 
Yamasato, 1993). 


Taxonomic comments 


The genus Microscilla was first described by Pringsheim (1951) 
for actively gliding organisms including the marine type species, 
Microscilla marina, and two freshwater species. From the begin- 
ning, it was realized that the genus Microscilla resembles the 
genus Flexibacter established by Soriano (1945). In addition, the 
original Pringsheim's strains have been lost. Lewin (1969) re- 
isolated morphologically similar organisms and redefined both 
genera by classifying marine organisms with longer filaments 
(20-100 um) in the genus Microscilla. This definition was not fol- 
lowed in the Bergey’s Manual of Determinative Bacteriology, 8th edi- 
tion (Leadbetter, 1974), and the genus Microscilla was included 
in the genus Flexibacter. Later, Reichenbach (1989a, b) tried to 
restrict the genus Microscilla to marine organisms with G+C con- 
tent of the DNA of above 37 mol%. However, he also stated that 
too little was known about these bacteria, that these genera were 
still heterogeneous, and that future research including mod- 
ern molecular taxonomy was a prerequisite. Those histories are 
described in detail in the Ist edition of this Manual. 

Only the type species, Microscilla marina, has been validly pub- 
lished to date. In addition, four non-validated species - “Micro- 
scilla aggregans” (synonym, Flexibacter aggregans), " Microscilla 


GENUS XIII. MICROSCILLA 


furvescens", “Microscilla sericea”, and “Microscilla tractuosa” (syn- 
onym, Flexibacter tractuosus) — were included in the genus, and 
three other species — “Microscilla arenaria”, Flexibacter litoralis, 
and Flexibacter polymorphus — were listed as Species Incertae Sedis 
in the Ist edition of the Manual. 

16S rRNA sequencing analyses of the genera Microscilla and 
Flexibacter have shown a high degree of biological diversity of 
the genus (Nakagawa et al., 2002). The five strains in the four 
species Microscilla marina, “Microscilla furvescens” , “Microscilla seri- 
cea’, and “Microscilla arenaria” diverged into five distinct lineages, 
as shown in Figure 71 of the chapter on Flexibacter and Table 98 
(see also Table 94 of the chapter on Flexibacter). Microscilla 
marina, the type species of the genus Microscilla, was a species 
secluded from the others, which means that other invalid Micro- 
scilla species should not be included in the genus. “Microscilla 
arenaria’ NBRC 159827, which was closely related with the genus 
Flammeovirga, was reclassified as PFlammeovirga arenaria (Taka- 
hashi et al., 2006). “Microscilla furvescens” is an independent lin- 
eage located next to the cluster composed of Flexibacter tractuosus 
and “Microscilla sericea”. Two strains of " Microscilla sericea” were 
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phylogenetically different. The type strain of “Microscilla sericea”, 
NBRC 15983", clustered with Flexibacter tractuosus and may be clas- 
sified in the same new taxon. Another strain of “ Microscilla sericea”, 
NBRC 16561, occupied an independent position that seemed to 
require a new taxon. The marine Flexibacter species Flexibacter lito- 
ralis and Flexibacter polymorphus, in addition to Flexibacter aggregans 
(“Microscilla aggregans") and Flexibacter tractuosus (“ Microscilla trac- 
tuosa”), were not closely related to either the type species of the 
genus Microscilla or that of the genus Flexibacter. These marine 
Flexibacter species are discussed in the chapter on Flexibacter. 

In this chapter, Reichenbach's definition of the genus is 
principally followed; however, based on 168 rRNA sequencing 
analysis, only the type species, Microscilla marina, can be justi- 
fied as a member of the genus Microscilla. Other non-validated 
Microscilla species that should be reclassified in the future are 
listed under Other species. 


Differentiation of species of the genus Microscilla 


Table 99 lists characteristics that distinguish the Microscilla 
species from one another. 


List of species of the genus Microscilla 


1. Microscilla marina Pringsheim 1951, 140, emend. Lewin 
1969, 201^- 


ma.ri'na. L. fem. adj. marina of, or belonging to, the sea, 
marine. 

The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual. 

Threads may become very long, more than 150 um. The 
cell mass is orange. Growth occurs on media containing 
single- or double-strength seawater. Growth does not occur 


at temperatures greater than 35°C. Peptones serve as sole 
nitrogen source, but not glutamate or NO,. Glucose is not 
utilized. Gelatin is degraded, but not agar, alginate, car- 
boxymethyl cellulose, or starch. Nitrate is not reduced. The 
major carotenoid is saproxanthin. Only one strain — the 
type strain — is available. 

DNA G+C content (mol96): 42 (Bd). 

Type strain: S10-8, ATCC 23134, DSM 4236, LMG 18923, 
NBRC 16560. 

Sequence accession no. (16S rRNA gene): AB078080. 


Other species 


The species listed below should not be included in the genus 
Microscilla, because they are not closely related to the type spe- 
cies of the genus, based on 16S rRNA sequence analysis. 


1. “Microscilla furvescens” Lewin 1969, 201 
fur.ves'cens. L. adj. furvescens becoming black. 


The characteristics are as described for the genus with the 
following additional features taken from the Ist edition of 
this Manual. 

Long threads of 10-50 um. The cell mass is orange. 
Peptones, Casamino acids, glutamate, and NO, serve as sole 


nitrogen sources. Various sugars, including glucose are uti- 
lized, but acetate is not. Agar, alginate, carboxymethyl cellu- 
lose, gelatin, and starch are degraded. Nitrate is not reduced. 
The major carotenoid is saproxanthin. Only one strain - the 
type strain — is available. 

DNA G+C content (mol96): 44 (Bd). 

Type strain: TV-2, ATCC 23129, LMG 13023, NBRC 15994, 
NCIMB 1419. 

Sequence accession no. (168 rRNA gene): AB078079. 


2. *Microscilla sericea" Lewin 1969, 201 


se.ri'cea. L. fem. adj. sericea silk-like, silky. 


TABLE 98. Phylogenetic groups of Microscilla strains and their present classification 


Phylogenetic group Species and strain Present classification 
1 Microscilla marina NBRC 165607 Microscilla marina 
2 * Microscilla arenaria” NBRC 159827 Flammeovirga arenaria 


Ot > co 


“ Microscilla furvescens” NBRC 159947 
* Microscilla sericea” NBRC 15983" 
* Microscilla sericea” NBRC 16561 


Excluded from the genus Microscilla 
Excluded from the genus Microscilla 
Excluded from the genus Microscilla 


"Takahashi et al. (2006). 
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TABLE 99. Characteristics differentiating the species of the genus 
Microscilla*^ 


Characteristic M. marina “M. furoescens” “M. sericea” 
Length of threads (um) >150 10-50 30 to >100 
Salinity range (S°) 1-2 nd 0.5-2 
Glutamate - + _ 
NO, _ + = 
Utilization of glucose = + + 
Degradation of: 

Starch - + + 

Alginate - + + 

Carboxymethylcellulose = * = 
DNA G+C content (mol%) 42 44 38-39 


“Symbols: +, >85% positive; —, 0-15% positive; nd, not determined. 
bData from Reichenbach (1989a). 


‘Expressed as strength of seawater (S); 0 = freshwater. 
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The characteristics are as described for the genus with the 
following additional features taken from the 1st edition of 
this Manual. 

Long threads of 30-100 um. The cell mass is orange. Pep- 
tones serve as the sole nitrogen source, but not Casamino 
acids, glutamate, or NO, . Various sugars, including glucose 
and glycerol are utilized. Alginate, gelatin, and starch are 
degraded, but agar and carboxymethyl cellulose are not. 
Nitrate is not reduced. The major carotenoid is saproxan- 
thin. 

DNA G+C content (mol 96): 38-39 (Bd). 

Type strain: SIO-7, ATCC 23182, LMG 13021, NBRC 15988, 
NCIMB 1403. 

Sequence accession no. (16S rRNA gene): AB078081. 


Genus XIV. Pontibacter Nedashkovskaya, Kim, Suzuki, Shevchenko, Lee, Lee, Park, Frolova, Oh, Bae, 
Park and Mikhailov 2005c, 2585’? 


OLGA |. NEDASHKOVSKAYA AND SEUNG Bum Kim 


Pon.ti.bac'ter L. masc. n. pontus the sea; N.L. masc. n. bacter from Gr. n. baktron rod, N.L. masc. n. 


Pontibacter a marine bacterium. 


Rods usually measuring 0.3—0.7 x 1.2-1.9 um. Can move by glid- 
ing. Produce non-diffusible pink pigments. No flexirubin-type 
pigments are formed. Chemo-organotrophic. Strictly aerobic. 
Oxidase, catalase, alkaline phosphatase and f-galactosidase- 
positive. Esculin, gelatin, and DNA are hydrolyzed. Casein, 
Tween 80, chitin, and cellulose (CM-cellulose and filter paper) 
are not degraded, but agar, starch, and Tweens 20 and 40 may 
be decomposed. Carbohydrates are utilized. Can grow with- 
out seawater or sodium ions. Nitrate is not reduced to nitrite. 
Indole and H,S are not produced. The major respiratory qui- 
none is MK-7. 

DNA G+C content (mol % ): 48-52. 

Type species: Pontibacter actiniarum Nedashkovskaya, Kim, 
Suzuki, Shevchenko, Lee, Lee, Park, Frolova, Oh, Bae, Park and 
Mikhailov 2005c, 2585%”. 


Further descriptive information 


Phylogenetic analysis of almost-complete 16S rRNA gene 
sequences of the genus Pontibacter revealed that its closest rela- 
tive is a single species of the genus Adhaeribacter, Adhaeribacter 
aquaticus, with similarity of 89.2%. The level of 16S rRNA gene 
sequence similarity between strains Pontibacter actiniarum KMM 
6156" and Adhaeribacter aquaticus MBRG 1.5" was 95%. 

The main cellular fatty acids are straight-chain unsaturated 
and branched-chain unsaturated fatty acids C,., iso, C}; iso 
3-OH, summed feature 3 comprising C; iso 2-OH and C,,,07c 
or both, and summed feature 4 comprising C,,, iso I and C,,, 
anteiso B or both (Table 100). 

On rich nutrient media strains of the genus Pontibacter form 
regular, round, shiny, with entire edges, smooth, pink colonies 
with diameter of 1-3 mm after cultivation of 24 h. 

All strains grow at 6-36°C, at pH 7.0-10.0 and with 0-4% 
NaCl. According to Biolog GN2 tests, dextrin, glycogen, L-ala- 
nine, methyl B-p-glycoside, methyl pyruvate, o-ketobutyric acid, 
a-ketovaleric acid, pr-lactic acid, succinamic acid, alaninamide, 


L-alanyl-glycine, L-asparagine, L-aspartic acid, L-glutamic acid, 
L-proline, and threonine are utilized, but Tween 80, adonitol, 
i-erythritol, uridine, urocanic acid, o-p-actose, D-mannose, 
citric acid, formic acid, p-hydroxyphenylacetic acid, malonic 
acid, sebacic acid, glucuronamide, b-alanine, p-serine, phe- 
nylethylamine, 2-aminoethanol, pr-o-glycerol phosphate, and 
glucose-1-phosphate are not utilized. 

The strains of the genus Pontibacterare susceptible to ampicil- 
lin, benzylpenicillin, chloramphenicol, erythromycin, carbeni- 
cillin, lincomycin, and tetracycline, and resistant to polymyxin 
B and streptomycin. 

The pontibacters were isolated from sea animals and from a 
desert soil sample collected in the temperate latitudes. 


Enrichment and isolation procedures 


The strains of the genus Pontibacter were isolated from an 
unidentified actinian (sea anemone) and a desert soil sample 
using the dilution plating techniques on Marine agar (Difco) 
and on LB agar, respectively. All isolates have been grown on 
media containing 0.5% of a peptone and 0.1-0.2% yeast extract 
(Difco). The marine representative of the genus Pontibacter 
remains viable on Marine agar (Difco) or other rich media 
containing natural or artificial seawater for several weeks. They 
have survived storage in Marine broth or artificial seawater sup- 
plemented with 20% glycerol (v/v) at -80°C for at least 5 years. 
A soil isolate, cultivated on LB agar, can grow well under very 
dry environmental conditions. 


Differentiation of the genus Pontibacter from other genera 


Strains of the genus Pontibacter differ from its closest phyloge- 
netic neighbor, the freshwater bacterium Adhaeribacter aquati- 
cus, by a higher DNA G+C content (48-52 mol% for Pontibacter 
strains compared with 40.0 mol% for Adhaeribacter aquaticus) , 
and by the differences in fatty acid compositions (Nedashkovs- 
kaya et al., 2005c; Rickard et al., 2005) (Table 100). 
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TABLE 100. Cellular fatty acid content of Pontibacter actiniarum and its closest relative 


Adhaeribacter aquaticus" 


Fatty acid P. actiniarum KMM 61567 A. aquaticus MBRG 1.5* 


Czo iso 


C,,,, iso 3-OH 
Summed feature 2 


Summed feature 3 
Summed feature 4 
Summed feature 5 


= 1.2 
28.8 22.5 
0.1 4.4 
0.8 16.9 

- 16.5 
3.0 EM 
1.4 5.1 
2.2 = 
6.5 12.1 
2.3 - 
14.7 = 
31.3 11.2 
1.8 = 


“Values are percentages and values of less than 1% are not shown. Summed feature 2 consisted of one or 
more of the following fatty acids which could not be separated by the Microbial Identification System: C,,,, 
iso I and C,,,, 3-OH. Summed feature 3 contains one or more of the following fatty acids: C,., iso 2-OH, 


13:0 


C,., o7cand C 


16:1 “16:1 


and C,., anteiso B. Summed feature 5 consisted of one or more of the following fatty acids: C 


071. Summed feature 4 consisted of one or more of the following fatty acids: C,.,, iso I 


17:1 


“18.0 anteiso 


and C,,, 06,9c. Data from Nedashkovskaya et al. (2005c) and from Rickard et al. (2005). 


TABLE 101. Differentiating phenotypic properties of Pontibacter species?" 


Characteristic P. actiniarum P. akesuensis 
Hydrolysis of: 
Agar + _ 
Starch = + 
Tweens 20 and 40 + _ 
Acid production from N-acetylglucosamine d-fructose, L-fucose, d-glucose, inositol, p-maltose, L-raffinose, and _ + 
D-sucrose 
Utilization of: 
Glycyl-L-aspartic acid, Tweens 20 and 40 + = 
a-Cyclodextrin, N-acetyl-p-galactosamine, L-arabinose, p-arabitol, cellobiose, D-galactose, gentiobiose, o-D-glucose, _ + 
p-mannitol, p-melibiose, psicose, p-raffinose, L-rhamnose, p-sorbitol, p-trehalose, turanose, lactulose, xylitol, 
monomethyl succinate, acetic acid, D-galactonic acid, cis-aconitic acid, D-galacturonic acid, D-glucosaminic acid, 
a-, B- and y-hydroxybutyric acids, itaconic acid, o-ketoglutaric acid, propionic acid, quinic acid, D-saccharic 
acid, bromosuccinic acid, glycyl-L-glutamic acid, L-histidine, hydroxy-L-proline, r-leucine, L-ornithine, 
L-phenylalanine, L-pyroglutamic acid, L-serine, DL-carnitine, y-aminobutyric acid, inosine, thymidine, 
putrescine, 2,3-butanediol, and glucose 6-phosphate 
a-Galactosidase activity - * 
Susceptibility to: 
Kanamycin * = 
Gentamicin, neomycin _ + 


"Symbols: +, positive; —, negative. 


"Data are taken from Nedashkovskaya et al. (2005c) and Zhou et al. (2007). 


Differentiation of the species of the genus Pontibacter 


Despite very different sources of isolation, the strains belonging 
to the two validly published species of the genus Pontibacter have 


many common phenotypic features. However, they can clearly 
be differentiated from each other by the several phenotypic 
traits shown in Table 101. 


List of species of the genus Pontibacter 


l. Pontibacter actiniarum Nedashkovskaya, Kim, Suzuki, 
Shevchenko, Lee, Lee, Park, Frolova, Oh, Bae, Park and 
Mikhailov 2005c, 2586" 


ac.ti.ni.a'rum. N.L. gen. pl. n. actiniarum of sea anemones or 
related animals. 


Cells are 0.3-0.4 um in width and 1.2-1.9 um in length. On 
Marine agar, colonies are circular and 2-3 mm in diameter. 


Growth occurs at 6-43*C (optimal temperature, 25-28°C) 
and with 0-10% NaCl. Agar is hydrolyzed (weakly). Acid is 
formed from arbutin (API 50 CH gallery, bioMérieux). No 
acid is formed from r-arabinose, p-cellobiose, p-galactose, 
D-actose, p-melibiose, L-rhamnose, L-sorbose, pr-xylose, 
Nacetylglucosamine, glycerol, adonitol, dulcitol, inositol, and 
mannitol. Biolog GN? tests show that the type strain does not 
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utilize N-acetyl-p-glucosamine, D-fructose, L-fucose, myo-inosi- 
tol, a-lactose, maltose, sucrose, D-gluconic acid, D-glucuronic 
acid, succinic acid, and glycerol. Acetoin (Voges—Proskauer 
reaction) production is negative. According to the API ZYM 
gallery (bioMérieux), the following enzymes are produced: 
acid phosphatase, esterase lipase (C8), leucine- and valine- 
arylamidases, trypsin, naphthol-AS-BI-phosphohydrolase, 
a-glucosidase, and  Macetylf-glucosaminidase. The fol- 
lowing enzymes are not produced: esterase (C4), lipase 
(C14), cystine arylamidase, a-chymotrypsin, B-glucosidase, 
B-glucuronidase, o-mannosidase, and a-fucosidase. 

Source: a single strain, KMM 6156, was isolated from 
unidentified actinians collected in the Rudnaya Bay, Sea of 
Japan, Pacific Ocean. 

DNA G+C content (mol %): 48.7 (T). 

Type strain: KMM 6156, KCTC 12367, LMG 23027. 

Sequence accession no. (16S rRNA gene): AY989908. 


FAMILY I. CYTOPHAGACEAE 


2. Pontibacter akesuensis Zhou, Wang, Liu, Zhang, Zhang, Lai 
and Li 2007, 324’? 


a.ke.su.en'sis. N.L. masc. adj. akesuensis pertaining to Akesu, 
a city of XinJiang Province in the north-west of China from 
where the type strain was isolated. 


According to Zhou et al. (2007), cells are 0.7 um x 1.5- 
1.6 um. On nutrient agar, colonies are round, 1-2 mm in 
diameter. Growth occurs at 4—36^C (optimum, 28-30°C), 
and with 0-4% NaCl. No acid is formed from p-cellobiose, 
D-galactose, D-lactose, D-melibiose, L-rhamnose, L-sorbose, 
and DL-xylose. 

Source: a single strain, AKS 1, was isolated from the surface 
layer of a desert soil from Akesu, XinJiang Province, China. 

DNA G«C content (mol % ): 51.4 (T, ). 

Type strain: AKS 1, CCTCC AB 206086, KCTC 12758. 

Sequence accession no. (16S rRNA gene): DQ672723. 


Genus XV. Runella Larkin and Williams 1978, 35^- 


THE EpiroRIAL BOARD 


Ru.nel'la. M.E. n. rune an ancient alphabet; L. fem. dim. ending -ella; N.L. fem. n. Runella that which resem- 


bles figures of the runic alphabet. 


Rigid straight to curved rods, the degree of curvature varying 
among cells within a culture. In one species (Runella slithy- 
formis), the cells range from nearly straight to crescent-shaped, 
but the ends of a cell may overlap, producing a ring-like struc- 
ture with an outside diameter of 2.0-3.0 um; in addition, fila- 
ments up to 14 um long may also be produced, and on rare 
occasions, a coil of two to three turns may be produced. In other 
species, the cells are either long and filamentous or straight 
to slightly bent rods instead of crescent-shaped or ring-like as 
found with Runella slithyformis. Gram-stain-negative. Nonmotile. 
Resting stages are not known. Aerobic. Runella slithyformis has 
a strictly respiratory metabolism with oxygen as the terminal 
electron acceptor and produces acid oxidatively from a few car- 
bohydrates, whereas Runella zeae can ferment sugars. Optimum 
temperature, 20—35*C. Colonies contain a pale pink or salmon- 
colored water-insoluble pigment. Catalase is either positive or 
weakly positive. The oxidase reaction differs among species. 
Chemo-organotrophic. In those species so far tested, the major 
quinone is MK-7. Isolated from freshwater ( Runella slithyformis) , 
activated sludge (Runella limosa and Runella defluvii), and the 
stems of Zea mays ( Runella zeae). 

DNA G+C content (mol 96): 40—49. 

Type species: Runella slithyformis Larkin and Williams 1978, 
355", 


Further descriptive information 


Cells of Runella slithyformis typically appear as rods whose degree 
of curvature varies from nearly straight to crescent shaped 
(Figure 3.2 in Larkin and Borrall, 1984b). An individual cell may 
be bent in more than one plane. Cells of Runella zeae are straight 
to slightly bent rods that form chains of irregular shapes. 
Colonies of Runella slithyformis on MS agar (see the chapter 
on Spirosoma for the recipe for this medium) produce a pale 
pink, water insoluble, nonfluorescent pigment. The colo- 
nies are circular and convex with an entire margin. Abun- 
dant growth occurs on MS agar and on nutrient agar. Scant 
growth occurs on chocolate agar, peptonized milk agar, and 


yeast extract-acetate-tryptone agar. No growth occurs on blood 
agar, eosin-methylene blue agar, nutrient agar containing 5% 
sucrose, phenol red mannitol salt agar, phenylethyl alcohol 
agar, trypticase soy agar (with or without 5% sucrose or 3% 
glucose), MacConkey agar, bismuth sulfite agar, or Salmonella- 
Shigella agar (Larkin and Williams, 1978). Colonies of Runella 
zeae are round, smooth, and salmon in color when grown on 
R2A medium* at 28°C. 

Runella is chemo-organotrophic. By the technique of Hugh 
and Leifson (1953), acid is produced aerobically only from glu- 
cose, maltose, sucrose, and inulin. Strains differ in their ability 
to produce an acid reaction from rhamnose, galactose, man- 
nose, and raffinose. Sugar alcohols are not acidified. Starch and 
tributyrin are hydrolyzed; esculin, cellulose, agar, chitin, and 
casein are not hydrolyzed. None of 11 compounds tested in the 
medium of Gordon and Mihm (see the chapter on Spirosoma for 
the recipe for this medium) are utilized as sole carbon sources. 

Runella species are not known to be pathogenic. 

Only two strains of Runella slithyformis have been isolated and 
characterized. Both were isolated from eutrophic fresh waters. 
Similar organisms were seen in gelatinous deposits on wet 
planks from a mine (Kraepelin and Passern, 1980), in marine 
waters (Overbeck, 1974; Sieburth, 1978) and in fresh waters 
(Larkin, unpublished observations). 

Runella zeae was isolated from the stems of Zea mays (Chelius 
et al., 2002; Chelius and Triplett, 2000) and is not known to 
occur in other habitats. Only one strain has been isolated and 
characterized. 

Runella limosa was isolated from activated sludge performing 
enhanced biological phosphorus removal in a sequencing batch 
reactor. Only one strain has been isolated and characterized. 


*R2A medium of Reasoner and Geldreich (1985) contains (g/l): Yeast extract, 
0.5; Proteose peptone no. 3 (Difco); Casamino acids, 0.5; glucose, 0.5; soluble 
starch, 0.5; K,HPO,, 0.3; MgSO,-7H,O, 0.05; sodium pyruvate, 0.3; and agar, 15.0. 
The pH is adjusted to 7.2 with crystalline K,HPO, or KH,PO,. The medium is 
sterilized by autoclaving. 


GENUS XV. RUNELLA 


Runella defluvii was isolated from the activated sludge of a 
domestic wastewater treatment plant. Only one strain has been 
isolated and characterized. 


Isolation procedures 


Runella slithyformis can be isolated by repeated streaking of water 
samples onto MS agar with incubation at room temperature for 
up to 2 weeks. The pale pink pigmentation of the colonies aids 
detection. 

Runella limosa was isolated by serial dilution of a sludge sam- 
ple in 1% (w/v) saline solution, with subsequent spreading onto 
R2A agar (Difco) and incubation at 20°C for 5 d. Subcultivation 
was on R2A agar at 25°C for 3 d. 

For isolation of Runella defluvii, a sludge sample was serially 
diluted with 1% (w/v) saline solution, spread onto R2A agar 
(Difco) and incubated at 20°C for 5 d. Subcultivation was done 
on R2A agar at 30°C for 3 d. 

Runella zeae was isolated by the procedure used by Chelius 
and Triplett (2000) for Dyadobacter fermentans. Briefly, maize 
seeds are surface-sterilized with sodium hypochlorite, planted 
in a sterilized synthetic soil, and watered with a nitrogen-free 
nutrient solution. After 6 weeks, the plants are harvested and 
stems are surface-sterilized with sodium hypochlorite, washed 
with sterile water, and crushed. The fluid portion is plated onto 
R2A agar and incubated at 28°C. 
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Maintenance procedures 


Strains of Runella slithyformis are grown on MS agar or nutrient 
agar at room temperature for several days to allow abundant 
growth. They will then survive refrigeration (4°C) for at least 3 
weeks. They may also be preserved indefinitely by lyophilization. 


Procedures for testing special characters 


Utilization of carbohydrates. For Runella slithyformis, the 
production of acid from carbohydrates by aerobic or anaero- 
bic means is determined by the method of Hugh and Leifson 
(1953), in which MS agar is used but with the glucose replaced 
by 1% of the substrate to be tested and the agar concentration 
lowered to 0.3%. Incubation is continued for 8 weeks for cul- 
tures giving negative results. 


Utilization of single carbon sources. For Runella slithyformis, 
the basal medium used is that of Gordon and Mihm, to which is 
added 0.2% of the substrate or the sodium salt of the substrate. 
If growth occurs through four successive subcultures, the results 
are considered positive even in the absence of a color change in 
the bromthymol blue indicator. 


Differentiation of the genus Runella from other genera 


Table 102 in the chapter on the genus Flectobacillus provides 
the primary characteristics that can be used to differentiate 


TABLE 102. Characteristics differentiating the species of the genus Runella’ 


Characteristic R. slithyformis? R. defluvit R. limosa R. zeae 
Rings formed F u _ u 
Catalase w + + + 
Oxidase + _ _ + 
Oxidation/fermentation test with glucose and sucrose Or nr nr F 
Acid production from: 
Glucose + - + + 
Ribose —8 nr nr _ 
Growth at 4°C +° _ nr _ 
Starch hydrolysis w = = = 
Utilization of sole carbon sources: 
Acetate, starch, fumarate, D-lyxose, malate, tartrate — nr nr + 
p-Arabitol w _ _ _ 
Dulcitol, inositol, sorbitol w _ _ w 
Glycerol = + u = 
Glycogen + w w + 
5-Ketogluconate = w + w 
Maltose, trehalose + _ + + 
Mannitol w _ _ _ 
Methyl-B-xyloside F + _ + 
Growth on peptone —_° nr nr + 
Habitat: 
Freshwater + _ _ _ 
Stems of Zea mays = = x F 
Activated sludge - + + = 
Major phospholipid nr Phosphatidyl- Phosphatidyl- nr 
ethanolamine glycerol 
DNA G+C content (mol%) 49 40.1 44.5 49 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; w, weak reaction; nr, not reported. 


"Results for Runella slithyformis are taken from Larkin and Williams (1978), Larkin and Borrall (1984b), and Lu et al. (2007). 


‘Results for Runella defluvii and Runella limosa are taken from Lu et al. (2007). 
‘Results for Runella zeae are taken from Chelius et al. (2000, 2002). 
*Result from Chelius et al. (2000, 2002). 


'Larkin and Williams (1978) and Larkin and Borrall (1984b) reported a positive reaction; Chelius et al. (2000) reported a negative reaction. 


sLarkin and Williams (1978) and Larkin and Borrall (1984b) reported a negative reaction; Chelius et al. (2000) reported a positive reaction. 
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Runella slithyformis and Runella zeae from the morphologically 
similar genera. 


Taxonomic comments 


Analyses of the 16S rRNA gene sequences of these organisms 
support the classification of Runella as a distinct genus (Che- 
lius and Triplett, 2000; Nikitin et al., 2004; Woese et al., 1990). 
Although Runella slithyformis and Runella zeae differ in mor- 
phology, fermentative ability, and other phenotypic character- 
istics, a 16S rRNA gene sequence similarity of 94% between 
the two strains suggests that they are sufficiently related to be 
included within a single genus (Chelius et al., 2002). The level 
of DNA-DNA hybridization value between Runella zeae and 
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Runella slithyformis is 19%, indicating separate species (Che- 
lius et al., 2002). 

The addition of Runella limosa to the genus is supported by a 
16S rRNA gene similarity of 94.8% to the type strain of Runella 
slithyformis (Ryu et al., 2006). Similarly, Runella defluvii exhibits 
a similarity value of 93.6% to Runella slithyformis, and a value of 
97.1% to Runella limosa. The status of Runella defluvii as a spe- 
cies separate from Runella limosa is supported by a DNA-DNA 
hybridization value of 25% between the two species. 


Differentiation of the species of the genus Runella 


Table 102 lists characteristics that differentiate the four species 
of Runella. 


List of species of the genus Runella 


1. Runella slithyformis Larkin and Williams 1978, 35^- 


slith.y.form'is. slithy a nonsense word from Lewis Carroll's 
Jabberwocky for a fictional organism that is “slithy” (presum- 
ably a combination of slinky and lithe); L. adj. suff. -formis 
-is -e, like, in the shape of; N.L. fem. adj. slthyformis slithy in 
form. 


The characteristics are as described for the genus and as 
listed in Table 102. The following additional features are 
taken from Larkin and Williams (1978) and Larkin and Bor- 
rall (1984b). 

Good growth occurs on MS agar. Moderate growth occurs 
on nutrient agar. Scant growth occurs on chocolate agar, 
peptonized milk agar, and yeast extractacetate-tryptone 
agar. No growth occurs on blood agar, eosin-methylene blue 
agar, nutrient agar plus 5% sucrose, phenol red-mannitol- 
salt agar, phenylethyl alcohol agar, trypticase soy agar, tryp- 
ticase soy agar plus 3% glucose, MacConkey agar, bismuth 
sulfite agar, and Salmonella-Shigella agar. 

A positive reaction is obtained in the following tests: 
P-galactosidase (ortho-nitrophenyl-B-galactoside [ONPG]); 
phosphatase; acid production from glucose, inulin, maltose, 
and sucrose; hydrolysis of tributyrin and of starch (weak). 

A negative reaction is obtained in the following tests: 
hydrolysis of gelatin, esculin, lecithin, urea, agar, cellulose, 
and chitin; lysine decarboxylase; ornithine decarboxylase; 
phenylalanine deaminase; hemolysin production; indole 
production; methyl red test, Voges-Proskauer test, nitrate 
reduction, H,S production from peptone; acid production 
from arabinose, o-methyl-p-glucoside, cellobiose, dextrin, 
dulcitol, erythritol, fructose, glycerol, lactose, mannitol, 
melibiose, ribose, salicin, sorbitol, sorbose, trehalose, and 
xylose; utilization of acetate, benzoate, citrate, formate, 
glycerol phosphate, malonate, methanol, methylamine, pro- 
pionate, succinate, and tartrate as sole carbon sources. No 
change occurs in litmus milk. 

Acid production from galactose, mannose, raffinose, and 
rhamnose differs between strains. 

Source: freshwater. 

DNA G+C content (mol % ): 49-50 (T. ; absorbance ratio). 

Type strain: ATCC 29530, LMG 11500. 

Sequence accession no. (16S rRNA gene): M62786. 


2. Runella defluvii Lu, Lee, Ryu, Chung, Choe and Jeon 2007, 
2602" 


de.flu'vi.i. L. gen. n. defluvii of sewage. 


The characteristics are as described for the genus and as 
listed in Table 102. The following additional features are 
taken from Lu et al. (2007). Rods 0.5-0.9 x 2.2-6.0 um at 
30*C on R2A agar. Colonies are slightly raised, circular and 
salmon pink on R2A agar. Temperature range 15—40°C, 
optimum, 30-35°C. pH range 6.0-9.5, optimum 7.5-8.0. 
Nitrate is not reduced to nitrite. Catalase-positive. Oxidase- 
negative. No anaerobic growth after 7 d at 30°C on R2A agar. 
Tyrosine, Tween 80, and esculin are hydrolyzed, but not 
casein, Tween 20, starch, gelatin, and urea. Acid is produced 
from raffinose, myo-inositol, lactose, L-arabinose, D-galactose, 
D-mannose, D-mannitol, and melibiose, but not from p-glu- 
cose, D-fructose, arbutin, or salicin. Indole, H,S and acetoin 
are not produced. Citrate is not utilized (API 20E system). 
Enzyme activities include alkaline phosphatase, trypsin, 
a-chymotrypsin, Macetyl-p-glucosaminidase, and naphthol- 
AS-BI-phosphohydrolase, but not tryptophan deaminase, 
esterase (C4), lipase (C14) and f-glucuronidase. Weak 
activities occur for esterase lipase (C8), leucine arylamidase, 
valine arylamidase, cystine arylamidase, acid phosphatase, 
a-galactosidase, f-galactosidase, a-glucosidase, p-glucosi- 
dase, o-mannosidase, and a-fucosidase (API ZYM system). 
Glycerol, methyl B-xyloside, methyl o-p-mannoside, and 
esculin are used as sole carbon sources but not erythritol, 
D- or L-arabinose, p-xylose, adonitol, galactose, D-glucose, 
D-fructose, mannose, dulcitol, inositol, mannitol, sorbitol, 
Nacetylglucosamine, salicin, cellobiose, maltose, lactose, 
melibiose, sucrose, trehalose, inulin, melezitose, p-raffinose, 
p-turanose, D- or L-arabitol, gluconate, or 2-ketogluconate. 
Ribose, L-xylose, sorbose, rhamnose, methyl a-p-glucoside, 
amygdalin, arbutin, starch, glycogen, xylitol, B-gentiobiose, 
D-lyxose, D-tagatose, D- and L-fucose, and 5-ketogluconate 
are weakly utilized (API 50CH system). Cells contain a large 
amount of phosphatidylethanolamine and small amounts of 
phosphatidylcholine and an unknown phospholipid as polar 
lipids. The major quinone is menaquinone-7. The cellular 
fatty acids are C,. , (29.0%), summed feature 3 (C,,,@7cand/ 
or Ciso 2-OH; 20.2%), C,,.,@5¢ (10.8%), Ciz 3-OH (9.2%), 


15:0 17:0 
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Giss 3-OH (7.4%), Giso (6.5%), Cia 
(3.3%), C,,, (2.2%), C,,, 6c (1.8%), C 


G (3.4%), Ciso 
(1.4%), C 


3-OH 


@6c 


16:0 T7:1 


(0.9%), C,,,, (0.8%), Ciz. (0.6%), and unknown ECL 14.959 
(2.7%). 

Source: activated sludge of a domestic wastewater treat- 
ment plant. 


DNA G+C content (mol% ): 40.1 mol% (HPLC). 
Type strain: EMB13, DSM 17976, KCTC 12614. 
Sequence accession no. (16S rRNA gene): DQ372980. 


3. Runella limosa Ryu, Nguyen, Park, Kim and Jeon 2006, 
2759" 


li.mo'sa. L. fem. adj. limosa muddy, pertaining to sludge, the 
natural habitat of the species. 


The characteristics are as described for the genus and as 
listed in Table 102. The following additional features are 
taken from Ryu et al. (2006). Rods, 0.7-0.9 x 4.0-10.0 um 
when grown at 25°C on R2A agar. Colonies are slightly raised, 
circular and salmon-pink on R2A agar. Optimum tempera- 
ture, 25-30*C. Optimum pH, 7.5-8.0. Nitrate is not reduced 
to nitrite. Catalase-positive and oxidase-negative. Tyrosine, 
Tween 80 and esculin are hydrolyzed but not casein, Tween 
20, starch, gelatin, or urea. Acid is produced from D-glucose, 
p-raffinose, myo-inositol, p-lactose, D-mannitol, and melibi- 
ose, but not from sorbitol, sucrose, rhamnose, amygdalin, 
D-fructose, D-galactose, D-mannose, L-arabinose, arbutin, 
or salicin. Alkaline phosphatase, o-chymotrypsin, N-acetyl- 
P-glucosaminidase, and naphthol-AS-BI-phosphohydrolase 
activities are present, but not esterase (C4), esterase lipase 
(C8), lipase (C14), or cystine arylamidase. Weak activity 
occurs for leucine arylamidase, valine arylamidase, trypsin, 
B-galactosidase, o-glucosidase, B-glucosidase, acid phos- 
phatase, o-galactosidase, B-glucuronidase, a-mannosidase, 
and a-fucosidase. A large amount of phosphatidylglycerol 
is present and small amounts of two unknown phospholip- 
ids (PL1, PL2). The major quinone is MK-7. The major fatty 
acids are Ciso C,,,05c, C,,, 3-OH, C,., 3-OH, Ciso 3-OH, 


5:0? “16:1 17:0 15:0 16:0 
C 


and summed feature 3 (C,,,@7c and/or C; 2-OH). 


16:0? 
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Source: sludge performing enhanced biological phospho- 
rus removal. 

DNA G+C content (mol % ): 42.7 (HPLC). 

Type strain: EMB111, KCTC 12615, DSM 17973. 

Sequence accession no. (16S rRNA gene): DQ372985. 


4. Runella zeae Chelius, Henn and Triplett 2002, 2062V* 


ze'ae. L. n. zea a kind of grain, spelt, and also a botanical 
genus name (Zea); L. gen. n. zeae of Zea, named because the 
organism was isolated from maize, Zea mays). 


The characteristics are as described for the genus and as 
listed in Table 102. The following additional features are taken 
from Chelius and Triplett (2000) and Chelius et al. (2002). 

Straight to slightly bent rods that form chains of irregu- 
lar shapes. Colonies are round, smooth, and salmon-colored 
when grown on R2A medium at 28°C. Temperature range 
for growth, 15-37°C. 

The following reactions are positive: growth on peptone 
water; growth on Ayer's agar (weak); acid production from 
(and fermentation of) glucose and sucrose; growth on acetate, 
Nacetylglucosamine, amygdalin, D- and L-arabinose, arbutin, 
cellobiose, dulcitol (weak), erythritol, esculin, D-fructose, 
D- and r-fucose, fumarate, galactose, B-gentiobiose, p-glu- 
cose, glycogen, inositol (weak), inulin, 5-ketogluconate 
(weak), lactose, p-lyxose, malate, malonate, maltose, man- 
nose, melezitose, melibiose, methyl-a-p-glucoside, methyl-a- 
p-mannoside, f-methylxyloside, p-raffinose, rhamnose, salicin, 
sorbitol (weak), sorbose (weak), sucrose, D-tagatose, tartrate, 
trehalose, p-turanose, and xylitol as sole carbon sources. 

The following reactions are negative: nitrogenase; reduc- 
tion of nitrate to nitrite; hydrolysis of agar, cellulose, and 
starch; growth in litmus milk; acid production from ribose; 
growth in the presence of 1.5% NaCl; growth on p- and 
L-arabitol, formate, glycerol, mannitol, and methanol as sole 
carbon sources. 

Source: the stems of Zea mays. 

DNA G+C content (mol % ): 49 (renaturation rate). 

Type strain: NS12, ATCC BAA-293, LMG 21438. 

Sequence accession no. (16S rRNA gene): AF137381. 


Genus XVI. Spirosoma Migula 1894, 237^ 


THE EprroniAL BoARD 


Spi.ro.so'ma. Gr. n. spira coil; Gr. neut. n. soma body; N.L. neut. n. Spirosoma coiled body. 


Rigid straight to curved rods, the degree of curvature vary- 
ing among individual cells within a culture. The cells measure 
0.5-1.0 um x 1.5-10.8 um. Rings 1.5-3.0 um in outer diameter 
are formed by overlapping of the ends of a cell in some species. 
Coils and helices may be present. Long sinuous filaments up 
to 50 um long may be present. Gram-stain-negative. No swim- 
ming motility occurs. Gliding motility is present (Vancanneyt 
et al., 2006). Resting stages are not known. Obligate or faculta- 
tive aerobes. Acids are produced aerobically from a variety of 
carbohydrates. Optimum temperature, 20-30°C. Colonies con- 
tain a pale to light yellow, water-insoluble carotenoid pigment. 
Catalase-positive and oxidase-negative or positive depending 
upon the species. Chemo-organotrophic. Isolated from soil and 
freshwater sources. 
DNA G+C content (mol P): 51-53 (T). 


Type species: Spirosoma linguale (Eisenberg 1891) Migula 
1894, 235%". 


Further descriptive information 


This chapter is taken largely from the previous treatment by 
Larkin and Borrall (1984d) in the Ist edition of Bergey s Manual 
of Systematic Bacteriology. It has been updated where more recent 
information was available. 

Spirosoma linguale produces rings, coils, and helices and the 
morphology is illustrated in Figure 3.1 of Larkin and Borrall 
(1984d). Although a culture typically shows a ringlike mor- 
phology, it exhibits variations of shape and size under cer- 
tain cultural conditions. Occasionally, cultures are composed 
mainly of relatively straight cells, especially after prolonged 
subculturing on MS agar. The curly form may be re-obtained by 
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examining colonies from agar streaked for isolation (Larkin, 
unpublished observation). Maloy et al. (1978) showed that 
there is a relationship between morphology and the phos- 
phate content of the medium. The rings, coils, and helices are 
produced when the phosphate level is below 20 mM at pH 7.2. 
At 20-60 mM phosphate, long nonseptate filaments develop 
and the ratio of diphosphatidyl glycerol to phosphatidyl glyc- 
erol is twofold higher in the filaments. Normal cells contain 
twice the amount of muramic acid in the peptidoglycan layer 
as do the filaments; furthermore, this layer in normal cells 
contains equal amounts of Macetylglucosamine and O-acetylg- 
lucosamine, whereas that of filamentous cells has nearly twice 
as much N-acetylglucosamine as O-acetylglucosamine (Miller 
and Raj, 1978). The filamentous forms appear to be multinu- 
cleate (Redell et al., 1981). In contrast, the species Spirosoma 
rigui forms filaments but not rings, coils or helices (Baik et 
al., 2007b). 

Vancanneyt et al. (2006) reported that the type strain of 
Spirosoma linguale exhibits gliding motility. Spirosoma rigui also 
exhibits gliding motility. 

Colonies on MS agar* produce a yellow water-insoluble, 
nonfluorescent pigment, and flexirubin-type pigments are 
absent (Baik et al., 2007b; Vancanneyt et al., 2006). For Spiro- 
soma rigui, the pigment extract had an absorption maximum 
of 451 nm and shoulder at 478 nm. Spirosoma linguale grows 
poorly or not at all on rich media such as chocolate agar or 
blood agar, or on enteric-selective media such as eosin meth- 
ylene blue agar, MacConkey agar, or Salmonella-Shigella agar. 
Only one of the four available strains grows on Trypticase soy 
agar. Spirosoma rigui was isolated on PYGV medium (Staley, 
1968) and R2A (Oxoid) agar. Best growth is obtained with 
R2A, MS, or PCA media. It also grows in tryptone-soy agar or 
TSA medium (Oxoid). 

Spirosoma is chemo-organotrophic. Spirosoma linguale is active 
in the acidification of carbohydrate media. Acidification occurs 
with all but one (sorbose) of the 20 carbohydrates tested using 
the medium of Hugh and Leifson (1953) and aerobic incuba- 
tion, although up to 3 weeks is sometimes required. Acidifica- 
tion does not occur with any sugar alcohols. Cellulose and chitin 
are not hydrolyzed, but some strains hydrolyze esculin and 
(weakly) casein. All strains hydrolyze tributyrin, and (weakly) 
starch. Three of the available strains of Spirosoma linguale pro- 
duce a soft curd in litmus milk, accompanied by the reduction 
and then reoxidation of the litmus. A fourth strain produces 
only an increased alkalinity in litmus milk. Although Spirosoma 
rigui uses glucose and esculin as sole carbon sources, it does not 
assimilate many other carbohydrates. 

Spirosoma linguale strains may be grown in the defined 
medium of Gordon and Mihm! (1957) with various sole carbon 
sources. Of 11 substrates that have been tested, only glycerol 
phosphate, succinate, tartrate, and malonate are utilized as sole 
carbon sources. 

Radiorespirometric studies by Kottel and Raj (1973) 
revealed that Spirosoma linguale ATCC 23276 catabolizes glu- 
cose almost entirely (96%) by the Embden-Meyerhof pathway 


*MS agar (g/1): peptone, 1.0; yeast extract, 1.0; glucose, 1.0; agar, 15.0. 
‘Gordon and Mihm’s medium (g/1): MgSO,, 0.2; (NH ),HPO,, 1.0; KH,PO,, 0.5; 
NaCl, 1.0; carbon source, 2.0; agar, 15.0; and bromthymol blue, 0.08. 
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with a small amount (496) being catabolized by the pentose 
phosphate pathway. The Entner-Doudoroff pathway is induc- 
ible, with 7596 of radio-labeled gluconate being metabolized 
by that pathway. Gluconate recovery patterns of this strain 
showed evidence for the possibility of a 2-5-diketogluconate 
pathway or some other unorthodox pathway (Raj and Ordal, 
1977). Radiorespirometric and enzymic data indicate that a 
functional tricarboxylic acid cycle occurs in this strain (Kottel 
and Raj, 1973). 

Spirosoma has the MK-7 menaquinone system (Baik et al., 
2007b; Urakami and Komagata, 1986). The cellular fatty acids 
of Spirosoma include large amounts of straight-chain saturated 
Ciso unsaturated C,,,, iso Cipo and iso C,,, (Urakami and 
Komagata (1986). Vancanneyt et al. (2006) reported the fol- 
lowing fatty acid profile for the type strain of Spirosoma linguale 
(% in parentheses): C,,, iso (3.8), Ciso iso (7.6), Ciz anteiso 
(trace), C,,, iso 3-OH (4.9), Cu, (7.2), C,,, @5c (17.5), Ciso 
3-OH (4.7), Ciz iso 3-OH (6.5), and summed feature 3 (47.9). 
Summed feature 3 consisted of one or more fatty acids that 
could not be separated by the Microbial Identification System): 


Ciso iso 2-OH, C,,, 07c and/or C,,, o7t. The composition of 
Spirosoma rigui was very similar: C, | iso (9.5), C; anteiso (1.3), 
Cz. iso 3-OH (2.6), C. (8.8), C,,, @5¢ (18.5), Cico 3-OH (2.8), 
C, iso 3-OH (3.5), and summed feature 3 (45.6). (Baik et al., 


2007b). 

Analysis of polyamine profiles of Spirosoma indicate that 
spermidine is the major polyamine (Hamana and Nakagawa, 
2001). 

Spirosoma is not known to be pathogenic. 

Four strains of Spirosoma linguale have been isolated and 
characterized: one from garden soil and three from freshwater. 
Spirosoma linguale has also been found in an activated sludge 
reactor established for the degradation of cutting fluids (Baker 
et al., 1983). Spirosoma rigui was isolated from fresh water at 
the Woopo wetland, Republic of Korea. Spirosomalike organ- 
isms have been seen in gelatinous deposits on wet planks from 
a mine (Kraepelin and Passern, 1980). Although Spirosoma is 
considered noncellulolytic, cellulolytic *Spirosomaike" bacte- 
ria have been isolated from the gut of the termite Zootermopsis 
angusticollis (Wenzel et al., 2002). 


Isolation procedures 


Spirosoma may be isolated by repeated streaking of water or 
diluted soil samples onto MS agar or tryptone glucose extract 
agar (Difco) fortified with 0.1 % yeast extract (TGEY medium; 
Raj, 1970) with incubation at room temperature for up to 2 
weeks. The yellow pigmentation of the colonies aids detection 
of Spirosoma. 


Maintenance procedures 


Spirosoma lingualeis grown on MS agar, TGEY or nutrient agar at 
room temperature until abundant growth occurs (usually 1—4 d). 
Cultures may then be stored at 4^C for at least 4 weeks. Preser- 
vation by lyophilization is effective for several years. 


Differentiation of the genus Spirosoma from other genera 


Table 93 in the chapter on Flectobacillus provides the primary 
characteristics that can be used to differentiate this genus from 
several morphologically similar genera. 


GENUS XVI. SPIROSOMA 


Taxonomic comments 


In the 8th edition of the Manualthe genus Microcyclus consisted 
of three species which were placed together primarily because 
of their ability to form rings during growth. The DNA G+C 
values were quite different, being 39.5 mol% for “Microcyclus 
major’, 51 mol% for “Microcyclus flavus”, and 67 mol% for Micro- 
cyclus aquaticus (the type species). Claus (1967) and Claus et al. 
(1968) suggested that “Microcyclus flavus" and two additional 
isolates corresponded to the description of the forgotten genus 
Spirosoma. Moreover, Staley (1974) suggested that the grouping 
of the three species was unsatisfactory, as did Konopka et al. 
(1976), who found only a 0-14% binding of the DNA from 
three Spirosoma strains to that of Microcyclus aquaticus. Larkin 
et al. (1977) proposed the reintroduction of the genus Spiro- 
soma and emended its description to include “Microcyclus flavus” 
and three other isolates. 

The formation of rings or coils is not a sufficiently restric- 
tive character to delineate a single taxonomic group. Ring 
formation is a characteristic that occurs in several other 
aerobic, chemoorganotrophic bacteria, e.g., Flectobacillus, 
Runella, Cyclobacterium, Ancylobacter, Polaribacter, and Arcicella. 
However, analyses of the 16S rRNA gene sequences of these 
organisms support the classification of Spirosoma as a distinct 
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genus (Nikitin et al., 2004; Woese et al., 1990). Moreover, as 
the description of Spirosoma rigui proves, rings and coils are 
not properties of all members of this genus. This observation 
serves to further illustrate the unreliability of this characteris- 
tic in taxonomic assignments. 

Vancanneyt et al. (2006) reported that, by 16S rRNA anal- 
yses, Spirosoma linguale was the nearest neighbor of Larkinella 
insperata, sharing a similarity of 88.8%. 

The literature concerning the utilization of sole carbon 
sources by Spirosoma linguale is conflicting. Raj (1970) reported 
an inability of the species to use malonate, succinate, or tar- 
trate, in contrast to results obtained by Larkin et al. (1977). The 
discrepancy may be attributable to a difference in the media 
employed or to the method of detecting growth. Raj (1970) 
used Simmons citrate agar with various organic substrates sub- 
stituted for citrate and with 0.2% yeast extract added; growth 
responses were indicated by a color change. Larkin et al. (1977) 
used the agar medium of Gordon and Mihm (1957) and esti- 
mated visible growth after four successive transfers even in the 
absence of a color change. 

The literature concerning gelatin hydrolysis also is conflict- 
ing. Larkin and Borrall (1984d) indicated that all strains hydro- 
lyze gelatin, but Vancanneyt et al. (2006) reported that the type 
strain did not hydrolyze gelatin. 


List of species of the genus Spirosoma 


1. Spirosoma linguale (Eisenberg 1891) Migula 1894, 235^- 
(Vibrio lingualis Eisenberg 1891, 212; Microcyclus flavus Raj 
1970, 62 


lin.gua'le. L. n. lingua the tongue; L. neut. suff. -ale suf- 
fix denoting pertaining to; N.L. neut. adj. linguale of the 
tongue. 


The characteristics are as described for the genus, with 
the following additional features. Morphological features are 
depicted in Figure 3.1 of Larkin and Borrall (1984d). Other 
features are as described for the genus, with the following 
additional characteristics. Colonies are circular and con- 
vex with an entire margin. Aerobic. Temperature range for 
growth of the type strain, 5-39*C (Vancanneyt et al., 2006). 
NaCl range for growth of the type strain, 0-1.25% (Vancan- 
neyt et al., 2006). Starch is weakly hydrolyzed. Tweens 20, 40, 
and 80 are hydrolyzed by the type strain (Vancanneyt et al., 
2006). Some strains hydrolyze esculin and (weakly) casein. 
The type strain produces f-galactosidase and alkaline phos- 
phatase (Vancanneyt et al., 2006). The following tests are 
positive: acid production from arabinose, o-methyl-n-gluco- 
side, cellobiose, dextrin, fructose, galactose, glucose, inulin, 
lactose, maltose, mannose, melibiose, raffinose, rhamnose, 
ribose, salicin, sucrose, trehalose, and xylose; utilization of 
glycerol phosphate, malonate, succinate, and tartrate as sole 
carbon sources. The type strain is reported to utilize man- 
nose and sucrose (Vancanneyt et al., 2006). The following 
tests are negative: urease; lysine decarboxylase; phenylala- 
nine deaminase; hemolysin production; indole formation; 


methyl red test; Voges-Proskauer test; nitrate reduction; 
H,S production from peptone; acid production from sor- 
bose, dulcitol, erythritol, glycerol, mannitol, and sorbitol; 
utilization of acetate, benzoate, citrate, formate, methanol, 
methylamine, and propionate. L-arabinose, D-glucose, and 
p-lactose are not utilized by the type strain (Vancanneyt 
et al., 2006). Found in soil and fresh water. 

DNA G+C content (mol % ): 51-53 (T). 

Type strain: DSM 74, ATCC 33905, LMG 10896. 

Sequence accession no. (16S rRNA gene): 4M000023. 


2. Spirosoma rigui Baik, Kim, Park, Lee, Lee, Ka, Choi and 
Seong 2007b, 2872" 


ri'gu.i. L. gen. n. rigui of a well-watered place, referring to 
the site of isolation, the Woopo wetland, Korea 


The characteristics are as described for the genus, with 
the following additional features. Cells are rod shaped and 
do not form rings or coils. Colonies are circular, opaque, 
convex, smooth, wet and slimy. Facultatively anaerobic. 
Temperature range for growth, 4-37°C. NaCl range for 
growth, 0—196. Uses aesculin and glucose as sole carbon and 
energy sources. Produces f-galactosidase but not alkaline 
phosphatase. Does not use the sugars cellobiose, fructose, 
galactose, lactose, maltose, mannose, melibiose, raffinose, 
rhamnose, starch, sucrose, and xylose. Does not produce 
H,S or acetoin. Isolated from fresh water. 

DNA G+C content (mol % ): 53.3 (T). 

Type strain: WPCB118, KCTC 12531, NBRC 101117. 

Sequence accession no. (16S rRNA gene): EF507900. 
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Genus XVII. Sporocytophaga Stanier 1940, 6294 


Epwarb R. LEADBETTER 


Spo.ro.cy.toph’a.ga. Gr. n. spora a seed, and in biology a spore; N.L. fem. n. Cytophaga genus name of a 
bacterium; N.L. fem. n. Sporocytophaga sporing Cytophaga. 


Flexible rods with rounded ends, 0.3-0.5 x 5-8 um, occur- 
ring singly. Sphaeroplasts and distorted cells occur in older 
cultures. A resting stage, the microcyst, is formed. Motile by 
gliding. Stains Gram-negative. Chemo-organotrophs. Strict aer- 
obe. Metabolism is respiratory, with molecular oxygen used as 
terminal electron acceptor. Cellobiose, cellulose, glucose and, 
for some strains, mannose are the only known sources of car- 
bon and energy. Agar and chitin are not known to be metabo- 
lized. Either ammonium or nitrate ions, or peptone, urea or 
yeast extract, can serve as sole nitrogen source. Amino acids, 
peptones, yeast extract or nutrient agar (Difco) cannot serve 
as sole carbon and energy sources. No organic growth factor 
requirements are known. Catalase-positive. Temperature opti- 
mum: ~30°C. 

DNA G+C content (mol % ): 36 (Bd). 

Type species: Sporocytophaga myxococcoides (Krzemien- 
iewska 1933) Stanier 1940, 629^}. 


Further descriptive information 


Only one species of the genus has been extensively examined. 
Sporocytophaga myxococcoides was shown by Stanier (1942) to grow 
on glucose sterilized by filtration and by Kaars Sijpesteijn and 
Fáhraeus (1949) to grow on glucose autoclaved separately from 
other components of the medium, thus refuting the assertion 
that growth of the organism is obligately linked to cellulose 
utilization. Further studies indicate that the organism, when 
isolated from nature, is unable either to oxidize or to utilize 
glucose but putative mutants able to use glucose arise in the 


population (Leadbetter, unpublished observations). These 
"mutants" are able to metabolize immediately either cellu- 
lose or glucose, irrespective of the substrate in which they are 
grown. These observations thus confirm and extend those of 
Kaars Sijpesteijn and Fahraeus (1949). 

Recent studies of Sporocytophaga myxococcoides have demon- 
strated that the organism is able to form microcysts when either 
glucose or cellulose is the carbon and energy source (Gallin 
and Leadbetter, 1966; Leadbetter, 1963). 

During growth on glucose, the Embden-Meyerhof-Parnas 
pathway is used (Hanstveit and Goksgyr, 1974). Cells also pro- 
duce a variety of cellulases, some of which have been partially 
purified (Osmundsvag and Goksgyr, 1975; Vance et al., 1980). 

Major cellular lipids are sulfonolipids (Godchaux and Lead- 
better, 1983) which contain a variety of fatty acyl moieties (God- 
chaux and Leadbetter, 1984). The sulfonolipids predominate 
in the outer membrane, while phospholipids are present in the 
inner cell membrane. Phosphatidylethanolamine and lysophos- 
phatidylethanolamine are the major phospholipids (Holt et al., 
1979). Homospermidine is the most abundant polyamine, but 
small amounts of putrescine and spermidine are also present 
(Hamana and Nakagawa, 2001). The cell-wall peptidoglycan con- 
tains diaminopimelic acid (Verma and Martin, 1967). Moreover, 
cells produce a slime comprised of glucose, mannose, arabinose, 
xylose, galactose and glucuronic acid (Martin et al., 1968). 

The Bacteroides transposon Tn 4351 can be introduced by con- 
jugation from Escherichia coliinto Sporocytophaga and could serve 
as the basis for a genetic system (McBride and Baker, 1996). 


List of species of the genus Sporocytophaga 


l. Sporocytophaga myxococcoides (Krzemieniewska 1933) 
Stanier 1940, 630^ (Cytophaga myxococcoides Krzemieniewska 
1938, 400) 


myx.o.coc.coi'des. N.L. masc. n. Myxococcus genus name of 
a bacterium; L. suff. -oides (from Gr. suff. eides from Gr. n. 
eidos that which is seen, form, shape, figure), resembling, 
similar; N.L. fem. adj. myxococcoides resembling Myxococcus. 


Single, often flexible rods with rounded ends, 0.3-0.5 x 5-8 
um. Sphaeroplasts and abnormally long forms may occur in old 
cultures. The resting stage, the microcyst, is spherical and about 
1.5 um in diameter. Both the growing (vegetative) rod and the 
microcyst have noticeably smaller dimensions when cultures are 
grown on cellulose rather than on glucose. Microcysts are notably 
more resistant to ultrasonic disruption than are vegetative cells. 


Electron microscopic studies indicate that the vegetative 
cell has a fine structure typical of Gram-stain-negative bac- 
teria, while the microcyst has a thick, fibrillar capsule exte- 
rior to a highly convoluted cell wall (Holt and Leadbetter, 
1967). 

Growth on cellulose (filter paper) -salts agar (or silica gel) 
or glucose-salts agar is gummy, and liquid cultures become 
viscous as a result of extracellular slime production. Cell 
masses are yellow, reflecting the presence of carotenoid and 
flexirubin-type pigments. Filter paper on the agar or silica gel 
surface is eventually dissolved around colonies so that translu- 
cent areas result. Colonies on glucose-salts agar medium are 
raised. 

Other characteristics are the same as those of the genus. 


Other species 


Other species of Sporocytophaga have been described, but they 
are incompletely characterized: 


(a) "Sporocytophaga cauliformis" Knorr and Graf in Graf 1962, 124. 


(b) “Sporocytophaga congregata" subsp. maroonicum Akashi 1960, 
899. 


(c) "Sporocytophaga ellipsospora’ (Imshenetski and Solntseva, 
1936) Stanier 1942, 190. 


(d) "Sporocytophaga ochracea” Ueda, Ishikawa, Itami and Asai 
1952, 545. 
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Family Il. Cyclobacteriaceae fam. nov. 


Otaa |. NEDASHKOVSKAYA AND WOLFGANG LUDWIG 


Cyc.lo.bac.te.ri.a'ce.ae. N.L. neut. n. Cyclobacterium type genus of the family; suff. -aceae ending to 
denote a family; N.L. fem. pl. n. Cyclobacteriaceae the Cyclobacterium family. 


Regular and curved, ring-like or horseshoe-shaped rods that 
are 0.3-0.7 x 0.3-10 um. Gram-stain-negative. Nonsporeform- 
ing. Nonflagellated and nonmotile in liquid media, but some 
of them can move by gliding on solid substrates. 

Aerobic, with respiratory type of metabolism. Optimal tem- 
perature is 16-37?C. Chemo-organotrophs. Carbohydrates are 
oxidized. One species ferments glucose. Colonies are pink, red, 
or orange in color. For most strains, an addition of seawater 
or NaCl to nutrient media sufficiently increases growth rates. 
Oxidase-, catalase-, and alkaline phosphatase-positive. Flexiru- 
bin-type pigments are absent. Produce no indole. One taxon 


produces hydrogen sulfide. Nitrate may be reduced to nitrite. 
Most species cannot hydrolyze agar, casein, urea, or chitin. 

Menaquinone 7 is a major or single respiratory quinone. Pre- 
dominant fatty acids are C., „iso, C,,, iso @9cand C, iso 2-OH 
and/or C,., @7c. Most species occur in seawater, marine sedi- 
ments, seaweeds, or marine animals. Some taxa inhabitant algal 
mates of saline lakes, marine solar salterns, soil, or nonsaline 
groundwater. 

DNA G+C content (mol % ): 35-49. 

Type genus: Cyclobacterium Raj and Maloy 1990, 345’? emend. 
Ying, Wang, Yang and Liu 2006, 2929. 


Genus |. Cyclobacterium Raj and Maloy 1990, 345" emend. Ying, Wang, Yang and Liu 2006, 2929 


THE EpitoriAL BoARD 


Cy.clo.bac.ter'i.um. Gr. n. cyclos a circle L. neut. n. bacterium a small rod; N.L. neut. n. Cyclobacterium 


a circle-shaped bacterium. 


Cells are curved, ring-like or horseshoe-shaped. Nonmotile. 
Colonies on Marine agar (MA) are pink and shiny. Aerobic, 
having a strictly respiratory type of metabolism with O, as 
the terminal electron acceptor. Neutrophilic and mesophilic. 
Chemo-organotrophic. Optimal growth temperature range 
is 25-30°C. Catalase- and oxidase-positive. The major cellular 
fatty acids are C, iso, summed feature 3 (C; iso 2-OH and/or 
Gig 07c), C,,., iso @9c, C,,,, iso 3-OH, and G... anteiso. 

Habitat: marine environments. 

DNA G+C content (mol % ): 41—45. 

Type species: Cyclobacterium marinum corrig. (Raj 1976) Raj 
and Maloy 1990, 346%” [Flectobacillus marinus (Raj 1976) Borrall 
and Larkin 1978, 301^'; Microcyclus marinus Raj 1976, 540]. 


Further descriptive information 


The predominant cellular fatty acids of the type strains of 
Cyclobacterium | amurskyense and — Cyclobacterium marinum are 
straight-chain unsaturated, branched-chain unsaturated and 


saturated, namely C,., iso (22.2 and 23%, respectively), C,., 


anteiso (9.2 and 6.4%), C,,, iso (8.4 and 9.7%), C, iso 9c 
(4.3 and 6.3%), C,,,, iso 3-OH (10.7 and 12.7%), and summed 
feature 3 (24.3 and 23.4%), comprising C,,, @7c and/or C... 
iso 2-OH (Nedashkovskaya et al., 2005). 

The major cellular fatty acids of Cyclobacterium liamum are C,, , 
iso (28.3%), summed feature 3 (C. iso 2-OH and/or C,., 076 
16.6%), C,,, iso 9c (10.3%), C,,,, iso 3-OH (8.0%), and Co 
anteiso (6.4%), similar to the profiles reported for Cyclobacte- 
rium marinum and Cyclobacterium amurskyense (Ying et al., 2006). 

The cellular polyamines of Cyclobacterium marinum contain 
homospermidine, whereas those of other ring-forming gen- 
era (Runella, Spirosoma, and Flectobacillus) contain spermidine 
(Hamana and Nakagawa, 2001). 

The oxidation of glucose in Cyclobacterium marinum occurs 
mainly via glycolysis, whereas gluconate is catabolized mainly 
via the Entner-Doudoroff pathway. These pathways act in con- 
junction with the tricarboxylic acid cycle and with some par- 
ticipation of the pentose phosphate pathway (Raj and Paveglio, 
1983). 
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Enrichment and isolation procedures 


Cyclobacterium marinum can be isolated on MS agar* or on mZ 
medium.! Incubation is at room temperature (25°C) for several 
days to allow abundant growth. The cultures will then survive 
refrigeration at 4^C for at least 3 weeks. They may also be pre- 
served indefinitely by lyophilization. 

Cyclobacterium amurskyense was isolated from a seawater sam- 
ple collected in Amursky Bay, Gulf of Peter the Great. It can be 
cultured on Marine agar 2216 (Difco). 

Cyclobacterium lianum was isolated from sediment of the 
Xijiang oilfield in the South China Sea, near Fujian Province, 
China. For isolation, serially diluted sediment samples were 
spread onto low-organic marine agar 2216 plates (differs from 
regular Marine agar 2216 [Difco] only by decreasing the pep- 
tone concentration from 5 to 0.5 g/l and the yeast extract from 
1 to 0.1g/1). A colony was selected after incubation at 30°C for 
10 d and subcultured onto Marine agar 2216. 


Differentiation of the genus Cyclobacterium 
from other genera 


The genera Runella, Flectobacillus, and Spirosoma have a ring-like 
or horseshoe-like morphology that resembles that of Cyclobac- 
terium. However, Cyclobacterium has a marine habitat and can 
tolerate seawater (although not necessarily requiring NaCl), 
whereas the other three genera have a freshwater habitat and 
cannot grow in the presence of seawater or 3% NaCl. More- 
over, the cellular polyamines of Cyclobacterium marinum contain 
homospermidine, whereas those of Runella, Spirosoma, and Flec- 
tobacillus contain spermidine (Hamana and Nakagawa, 2001). 


Taxonomic comments 


Cyclobacterium marinum was initially classified in the Microcy- 
clus by Raj (1976) as Microcyclus marinus. In many features, it 
resembled Flectobacillus major, the type species of the genus 
Flectobacillus Larkin, Williams and Taylor (1977), and it was 
assigned to that genus as Flectobacillus marinus by Borrall and 
Larkin (1978). H. D. Raj (1979) reported that Flectobacillus 
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major and Flectobacillus marinus were sufficiently distinct as to 
warrant separation of Flectobacillus marinus into a new genus; the 
name Cyclobacterium was suggested (H. D. Raj, cited by Larkin 
and Borrall, 1984a). However, Larkin and Borrall (1984a, b) 
believed that it would be best to retain the organism in the 
genus Flectobacillus because of the similarity in the mol% G4C 
content of the DNA and because the DNA-DNA hybridization 
value between the type strains of Flectobacillus marinus and Flec- 
tobacillus major was 71%, using the renaturation rate method of 
DeLey et al. (1970); consequently, Larkin and Borrall recom- 
mended that Flectobacillus marinus should not be used to create 
the new genus Cyclobacterium and that the latter name should be 
discarded. However, Raj and Maloy (1990) noted that analysis 
of the oligonucleotide sequence catalogues of the 16S rRNA of 
these organisms (Woese et al., 1990) indicated a relatively large 
evolutionary distance (ca. 20%) between Flectobacillus major and 
Flectobacillus marinus (Woese, 1987), supporting the idea that 
Flectobacillus marinus should be separated from Flectobacillus. 
major at the genus level. Consequently, Raj and Maloy (1990) 
reclassified Flectobacillus marinus as Cyclobacterium marinus (later 
corrected to marinum by Euzéby) (1998). 

Nedashkovskaya et al. (2005) reported that the level of 16S 
rRNA gene sequence similarity between the type strain of 
Cyclobactert'um amurskyense and that of Cyclobacterium marinum 
was 96.6% (47 nucleotide differences). 

Ying et al. (2006) reported that the nearest neighbors of 
Cyclobacterium lianum, based on 16S rRNA gene sequence analy- 
sis, were Cyclobacterium marinum (93.8% sequence similarity) 
and Cyclobacterium amurskyense (92.8% similarity). Other related 
genera were Aquiflexum (89.7%), Belliella (89.7%), Hongiella 
(87.8-90.3%), Chimaereicella (88.4%), and Algoriphagus (88.3— 
89.5%). Hongiella and Chimaereicella have since been reclassified 
into Algoriphagus by Nedashkovskaya et al. (2007b). 


Differentiation of the species of the genus Cyclobacterium 


Table 103 lists reactions differentiating the three species of 
Cyclobacterium. 


List of species of the genus Cyclobacterium 


1. Cyclobacterium marinum corrig. (Raj 1976) Raj and Maloy 
1990, 346%” [Flectobacillus marinus (Raj 1976) Borrall and Lar- 
kin 1978, 3414"; Microcyclus marinus Raj 1976, 540] 


ma.ri'num. L. neut. adj. marinum of the sea, marine. The 
original spelling marinus was corrected by Euzéby (1998). 


The characteristics are as described for the genus, with the 
following additional information. In contrast to the original 
description, NaCl is not required for growth, and growth can 
occur at 42°C (Nedashkovskaya et al., 2005). 

The following reactions are positive (these results also 
apply to Cyclobacterium amurskyense below; Nedashkovskaya 
et al., 2005): B-galactosidase, alkaline and acid phosphatase, 
esterase (C4), esterase lipase (C8), leucine arylamidase, 
valine arylamidase, cystine arylamidase, naphthol-AS-BI-phos- 


*MS agar for marine organisms contains (g/l): peptone, 1.0; yeast extract, 1.0; 
glucose, 1.0; NaCl, 30.0; agar, 15.0. 

‘Modified Zobell 2216 (mZ) medium contains (g/l of seawater): peptone, 5.0; 
yeast extract, 1.0; ferrous sulfate, 0.2; agar, 20.0 (Raj, 1976). 


phohydrolase, a- and B-galactosidase, a- and f-glucosidase, 
Nacetyl-B-glucosaminidase, and o-mannosidase activities; 
growth at 0-10% NaCl and at 440°C; hydrolysis of escu- 
lin; acid formation from p-cellobiose, L-fucose, D-galactose, 
p-lactose, L-raffinose, D-melibiose, L-rhamnose, p-treha- 
lose, D-maltose, and D-sucrose; susceptibility to ampicillin, 
carbenicillin, lincomycin and oleandomycin; and utilization 
of glucose, D-mannose, Macetyl-n-glucosamine, D-fructose, 
methyl o-b-mannoside, methyl a-p-glucoside, amygdalin, 
arbutin, salicin, inulin, melezitose, gentiobiose, p-turanose, 
lyxose, tagatose, D-fucose, L-fucose, ribose, sorbose, D-xylose, 
and methyl B-p-xyloside. 

The following reactions are negative (these results also 
apply to Cyclobacterium amurskyense below; Nedashkovskaya 
et al., 2005): a-chymotrypsin, B-glucuronidase, o-fucosidase, 
arginine dihydrolase, lysine and ornithine decarboxylase 
activities; gliding motility; Na* requirement for growth; 
requirement for organic growth factors; nitrate reduction; 
flexirubin pigments; H,S, indole, and acetoin production; 
degradation of agar, casein, gelatin, DNA, starch, cellulose 
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TABLE 103. Characteristics differentiating the species of the genus 
Cyclobacterium*” 


Characteristic C. marinum C. amurskyense C. lianum 
Lipase, trypsin = + ú 
Growth at 42° G + _ + 
Acid from: 
D-Glucose _ _ + 
L-Arabinose, DL-xylose = + + 
Starch _ + _ 
N-Acetyl-b-glucosamine = + nd 
Utilization of: 
p-Gluconate - + + 
L-Fucose, L-sorbose + + _ 
Mannitol + _ w 
Hydrolysis of: 
Tween 20 - - + 
Tween 40 + _ 
Susceptibility to: 
Benzylpenicillin, kanamycin z + + 
Streptomycin, tetracycline + - x 
DNA G+C content (mol%) 41.9 41.3 45.2 


“Symbols: +, >85% positive; —, 0-15% positive; w, weak; nd, no data. 
"Data from Nedashkovskaya et al. (2005) and Ying et al. (2006). 


(CM-cellulose, filter paper), chitin, urea, and Tweens 20 and 
80; acid production from D-glucose, L-sorbose, adonitol, dul- 
citol, glycerol, myo-inositol, mannitol, malate, fumarate, and 
citrate; utilization of glycerol, iso-erythritol, adonitol, dulcitol, 
myo-inositol, p-sorbitol, glycogen, xylitol, p-arabitol, r-arabitol, 
gentiobiose, 2-ketogluconate, 5-ketogluconate, caprate, adi- 
pate, malate, citrate, and phenylacetate; and susceptibility to 
gentamicin, neomycin, and polymyxin B. 

DNA G+C content (mol96): 41.9 (T) (Nedashkovskaya et 
al., 2005). 

Type strain: Raj, ATCC 25205, DSM 745, LMG 13164. 

Sequence accession no. (16S rRNA gene): AJ575266, 
AY533665. 


2. Cyclobacterium amurskyense Nedashkovskaya, Kim, Lee, 
Park, Lee, Lysenko, Oh, Mikhailov and Bae 2005, 2392V* 


a.murskyen'se. N.L. neut. adj. amurskyense pertaining to 
Amursky Bay, from which the type strain was isolated. 


Cells have a width of 0.3—0.4 um and an outer diameter 
of 0.9-1.2 um. Colonies are pink, circular, low-convex, shiny 
with entire edges, and 1-3 mm in diameter on Marine agar 
2216. Flexirubin pigments are absent. Grows in 0-10% NaCl. 
Growth occurs at 4—40*C. Esculin is hydrolyzed but not agar, 
casein, gelatin, starch, cellulose (CM-cellulose and filter 
paper), chitin, DNA, urea, or Tweens 20, 40, and 80. Nitrate 
is not reduced. H,S, indole and acetoin (Voges-Proskauer 
reaction) are not produced. Positive for B-galactosidase and 
alkaline phosphatase. Acid is produced from the following 
compounds: Macetylglucosamine, L-arabinose, p-cellobiose, 
L-fucose, D-galactose, D-lactose, D-maltose, D-melibiose, 
L-raffinose, L-rhamnose, D-sucrose, starch, p-trehalose, and 
pL-xylose. No acid is formed from adonitol, citrate, dulcitol, 
fumarate, D-glucose, p-glucuronic acid, glycerol, inositol, 
mannitol, malate, and L-sorbose. The following compounds 
are utilized (Biolog GN2 Microplate system): N-acetyl-p- 
glucosamine, cellobiose, dextrin, D-fructose, D-galactose, 


D-galacturonic acid, gentiobiose, a-D-glucose, glucose 
l-phosphate, o-pr-glycerol phosphate, o-p-lactose, lactu- 
lose, maltose, D-mannose, p-melibiose, methyl B-p-glucoside, 
methylpyruvate, psicose, D-raffinose, r-rhamnose, sucrose, 
p-trehalose, and turanose. 

The following compounds are oxidized: acetic acid, 
Nacetyl-p-galactosamine, ^ L-arabinose, —glucuronamide, 
L-glutamic acid, glycogen, L-fucose, glycerol, o-ketobutyric 
acid, a-ketoglutaric acid, pr-lactic acid, D-mannitol, monom- 
ethyl succinate, L-serine, and r-threonine. No oxidation 
occurs of cis-aconitic acid, adonitol, alaninamide, p-alanine, 
L-alanine, L-alanyl glycine, y-aminobutyric acid, 2-amino- 
ethanol, p-arabitol, L-asparagine, L-aspartic acid, bromo- 
succinic acid, 2,3-butanediol, pr-carnitine, citric acid, 
a-cyclodextrin, iso-erythritol, formic acid, p-galacturonic 
acid, p-gluconic acid, D-glucosaminic acid, glucose 6-phos- 
phate, glycyl-1-asparticacid, glycyl-L-glutamic acid, L-histidine, 
a-hydroxybutyric acid, B-hydroxybutyric acid, y-hydroxybu- 
tyricacid, hydroxy-L-proline, p-hydroxyphenylacetic acid, inos- 
ine, myo-inositol, itaconic acid, a-ketovaleric acid, L-leucine, 
malonic acid, L-ornithine, L-phenylalanine, phenylethylam- 
ine, propionicacid, L-proline, putrescine, L-pyroglutamicacid, 
quinic acid, p-saccharic acid, sebacic acid, D-serine, p-sorbitol, 
succinamic acid, succinic acid, thymidine, Tweens 40 and 80, 
uridine, uronic acid, and xylitol. 

Susceptible to ampicillin, benzylpenicillin, carbenicillin, 
kanamycin, oleandomycin, and lincomycin. Resistant to neo- 
mycin, streptomycin, gentamicin, polymyxin B, and tetracy- 
cline. 

Source: seawater, collected in Amursky Bay, Gulf of Peter 
the Great, East Sea (also known as the Sea of Japan). 

DNA G+C content (mol % ): 41.3 (T). 

Type strain: KMM 6143, KCTC 12363, LMG 23026. 

Sequence accession no. (16S rRNA gene): AY960985. 


. Cyclobacterium lianum Ying, Wang, Yang and Liu 2006, 


2929V" 

li.a^'num. N.L. neut. adj. lianum pertaining to Li, named in 
honor of Ji-Lun Li, who devoted himself to microbiological 
research and education in China. 


The characteristics are as described for the genus, with 
the following additional features. Cells are 0.4-0.5 um wide 
and the outer diameter of the rings is 1.5-1.8 um. Colonies 
grown for 3 d on Marine agar are circular, 2-3 mm in dia- 
meter, light rose in color, and shiny. Growth occurs at 
15-42*C; optimum, 33°C. The pH range is 6.5-9.0; optimum, 
7.5-8.0. Growth occurs in 0.1-12% NaCl; optimum, 1-4%. 
Arginine dihydrolase, urease, and lecithinase negative. 
Indole and H,S are not produced. Nitrate is not reduced. 
Esculin and Tween 20 are hydrolyzed, but Tweens 40 and 
80 are only weakly hydrolyzed. No hydrolysis occurs of agar, 
casein, gelatin, starch, DNA, and carboxymethyl-cellulose. 
The following compounds are used as sole carbon sources: 
L-arabinose, cellobiose, galactose, gluconate, glucose, inu- 
lin, lactose, maltose, melezitose, D-melibiose, methyl o-p- 
glucoside, p-raffinose, L-rhamnose, ribose, sucrose, and 
trehalose. Weak utilization occurs of p-fructose, L-glutamic 
acid, glycerol, lactate, malate, mannitol, D-mannose, pyru- 
vate, succinate, and p-xylose. The following are not used: 
adonitol, r-alanine, butyric acid, caprate, citrate, dulcitol, 
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formate, L-fucose, myo-inositol, L-lysine, malonate, and 
L-sorbose. Acid is formed from r-arabinose, cellobiose, 
galactose, glucose, glycerol (weakly), inulin, lactose, 
maltose, melezitose, D-melibiose, methyl a-p-glucoside, 
p-raffinose, L-rhamnose, ribose (weakly), sucrose, trehalose, 
and p-xylose. The following show strong activity (API ZYM 
system): alkaline and acid phosphatases, leucine and valine 
arylamidases, naphthol-AS-BI-phosphohydrolase, B-galacto- 
sidase, a- and B-glucosidases and N-acetyl-B-glucosaminidase. 
Weak activity is exhibited for esterases C4 and C8, cystine 
arylamidase, o-galactosidase, and a-mannosidase. No activ- 
ity is exhibited for trypsin, a-chymotrypsin, p-glucuronidase, 
a-fucosidase, or lipase (C14). The following compounds are 
oxidized (GN2 MicroPlate system): N-acetyl-p-glucosamine, 
L-alaninamide,  r-alanine,  r-arabinose,  2,3-butanediol, 
glycerol, pr-carnitine, D-cellobiose, dextrin, D-fructose, 
D-galactose, D-galacturonic acid, gentiobiose, o-p-glu- 
cose, glucose l-phosphate, glucuronamide, pr-o-glycerol 
phosphate, pr-actic acid, a-p-lactose, lactulose, maltose, 
D-mannose, p-melibiose, methyl B-p-glucoside, p-raffinose, 
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sucrose, D-trehalose, and turanose. Weak or variable oxida- 
tion occurs with glycogen, Macetyl-p-galactosamine, r-alanyl 
glycine, y-aminobutyric acid, 2-aminoethanol, r-asparag- 
ine, L-aspartic acid, iso-erythritol, p-gluconic acid, glucose 
6-phosphate, glutamic acid, o-ketovaleric acid, D-mannitol, 
monomethyl succinate, L-ornithine, L-proline, D-psicose, 
L-pyroglutamic acid, L-rhamnose, DL-serine, D-sorbitol, suc- 
cinic acid, L-threonine, and uridine. Sensitivity is exhibited 
toward the following antibiotics (ug per disk): ampicillin 
(10), carbenicillin (100), vancomycin (30), ciprofloxacin 
(5), rifampicin (5), norfloxacin (10), chloramphenicol (30), 
benzyl penicillin (10), kanamycin (30), and erythromycin 
(15). Resistance is exhibited toward the following antibiotics 
(ug per disk): gentamicin (10), neomycin (30), polymyxin B 
(300), streptomycin (10), and tetracycline (30). 

Source: sediment from the Xijiang oilfield in the South 
China Sea. 

DNA G+C content (mol P): 45.2 (T). 

Type strain: HY9, CGMCC 1.6102, JCM 14011. 

Sequence accession no. (16S rRNA gene): DQ534063. 


Genus II. Algoriphagus Bowman, Nichols and Gibson 2003, 1351", emend. Nedashkovskaya, Vancanneyt, 
Van Trappen, Vandemeulebroecke, Lysenko, Rohde, Falsen, Frolova, Mikhailov and Swings 2004, 1762"*, emend. 
Nedashkovskaya, Kim, Kwon, Shin, Luo, Kim and Mikhailov 2007b, 1993vP 


OLGA |. NEDASHKOVSKAYA AND MARC VANCANNEYT 


Al.go.ri.pha'gus. L. masc. n. algor cold; Gr. masc. n. phagos glutton; N.L. masc. n. Algoriphagus the cold 


eater 


Rods usually measuring 0.3-0.7 x 0.3-10.0 um. Gliding 
motility is not observed. Produce non-diffusible carote- 
noid pigments. No flexirubin type of pigments are formed. 
Chemo-organotrophs. Aerobic. Oxidase, catalase, alkaline 
phosphatase, and f-galactosidase-positive. Arginine dihydro- 
lase and tryptophan deaminase are not produced. Esculin is 
hydrolyzed. Cellulose (CM-cellulose and filter paper) and 
urea are not degraded, but agar, casein, gelatin, starch, DNA, 
Tweens, and chitin may be decomposed. Carbohydrates are 
utilized. Can grow without seawater or sodium ions. Hydro- 
gen sulfide and indole are not produced. The major respira- 
tory quinone is MK-7. 

DNA G+C content (mol 96): 35.0—49.0. 

Type species: Algoriphagus ratkowskyi Bowman, Nichols and 
Gibson 2003, 13519". 


Further descriptive information 


The main cellular fatty acids are unsaturated and branched- 
chain unsaturated fatty acids C., iso, C,,, iso 3-OH, and 
summed feature 3 comprising C; iso 2-OH, and C,,, @7c or 
both (Table 104). 

On Marine agar (Difco) strains of the genus Algoriphagus 
form regular, circular, convex, shiny, smooth, with entire edges, 
and pink or orange colonies with diameter of 0.5-3 mm after 
cultivation for 48 h. 

All strains grow at 6-41°C, grow with 0-12% NaCl, and do not 
form acid from inositol or mannitol. Strains were isolated from 
sea animals and from seawater samples collected in temperate 
and tropic latitudes. 


Enrichment and isolation procedures 


Three strains of the type species Algoriphagus ratkowskyi were iso- 
lated from the sea-ice algal assemblages on Marine agar 2216, 
and one strain was recovered from cyanobacterial mat collected 
in a meromictic lake in Antarctica (Bowman et al., 2003) using a 
seawater nutrient medium (SWN), containing of 0.05 g of yeast 
extract, 0.05 g of tryptone, 0.05 g of bacteriological peptone, 
0.05g of soluble starch, and 0.02 g of sodium pyruvate dissolved 
in 1000 ml of natural seawater or artificial seawater (ASW), and 
supplemented with 0.1 ml ofa sterile vitamin solution (Bowman 
et al., 2003). Six strains of another species, Algoriphagus antarcti- 
cus, were isolated from microbial mats and cultivated on Marine 
agar 2216 (Van Trappen et al., 2002, 2004). Strains of Algoripha- 
gus chordae and Algoriphagus winogradskyi were isolated from the 
brown alga Chorda filum and the green alga Acrosiphonia sonderi, 
respectively, by the standard dilution-plating technique on 
Marine agar 2216 (Nedashkovskaya et al., 2004). Members of 
the two species, Algoriphagus mannitolivorans and Algoriphagus 
ornithinivorans, were isolated from tidal flat sediments samples 
using Marine agar 2216, and one strain of Algoriphagus halo- 
philus was obtained on medium R2A (Difco) supplemented 
with artificial sea salts (Sigma) (Yi and Chun, 2004). The rep- 
resentatives of Algoriphagus aquimarinus, Algoriphagus locisalis, 
Algoriphagus marincola, and Algoriphagus yeomjeoni were isolated 
from samples of seawater and cultivated on Marine agar 2216 
(Nedashkovskaya et al., 2004, 2005a, b; Yoon et al., 2004). Strain 
Algoriphagus vanfongensis KMM 6241" was isolated from 0.1 ml 
of tissue homogenates of the coral Palythoa sp. by direct plat- 
ing on a medium containing [in g/l of a mixture of 30% (v/v) 
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TABLE 104. Fatty acid composition (%) of the Algoriphagus species*” 
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Fatty acid = N ° + i6 6 rl o6 er E - ^ = 
Cito 1.6 1.6 0.6 2.5 1.0 1s 3.0 2.7 1.6 0.3 0.7 1.2 0.6 
C so 0.4 1.7 23.2 1.4 0.7 0.2 0.3 2.9 0.3 1.0 0.8 
C, iso 0.9 0.2 0.7 1.1 2.2 
om anteiso 2.6 0.6 0.4 1.0 1.5 1.6 0.9 Zul 1.6 2.6 1.2 
C, , iso 0.3 0.7 2.1 0.3 0.6 0.3 2.8 0.6 1.4 1.0 0.3 1.6 
C,,, anteiso 3.4 2.2 6.4 1.9 2.8 0.8 3.7 6.1 3.6 2.4 1.6 1.6 1.2 
C nó iso 32.4 38.9 16.6 38.1 28.4 31.2 32.7 26.5 30.5 35.3 21.5 36.6 28.6 
C; iso G 1.4 0.3 0.2 0.8 0.4 0.2 UN 1.0 6.8 2.9 
Cso 180 3.2 2.4 20.7 5.8 7.7 3.5 6.5 12.3 3.4 1.0 0.3 3.9 4.8 
Jii iso 3.8 2.4 10.9 1.5 3.5 1.6 3.5 6.4 1.7 2.5 0.6 2.1 1.9 
C,,, anteiso 9c 1.6 1.0 
C,,,, iso œ9c 14.6 5.3 5.0 4.4 9.0 2.8 6.0 12.2 Lb 8.5 4.2 4.0 2.3 
C sa 6c 1.9 2.8 1.0 1.8 1.6 4.1 1.1 2.1 1.0 0.5 1:3 0.8 
C, 05c 1.2 5.2 0.5 3.6 3.5 3.7 0.6 1.1 5.8 2.8 3.6 3.8 
C; o6¢ 7 0.7 1.3 1.2 3.4 17 7.0 4.5 0.5 0.7 0.7 0.8 1.0 
€ iso 3-OH 3.2 1.8 0.6 1.6 2.5 2.7 2.7 1.8 2.9 3.2 5.1 2.0 3.0 
Aso 2 OH 0.8 1.3 
Cis: 9-OH 0.5 1.9 0.7 1.9 1.9 0.6 0.6 0.8 IN 
Css iso 3-OH 1.3 1.0 4.5 0.9 3.1 1.7 4.7 3.4 2.8 0.6 1.9 3.5 
Ciz 2-OH 1.1 0.4 1.8 
C,,,, iso 9-OH 7.4 5.9 4.9 6.4 5.9 7.5 6.4 6.7 9.2 6.9 10.7 6.4 7.8 
Gia iso I L3 
Summed feature 3* 9.2 20.4 8.9 22.2 19.0 29.0 7.4 6.0 22.8 24.5 32.6 24.6 33.7 
Summed feature 4 3.9 1.8 1.7 2:7 1:5 2,5 2.0 0.9 2.5 4.9 1.6 13 
“Data are taken from Ahmed et al. (2007), Nedashkovskaya et al. (2004, 2007b), Schmidt et al. (2006), Tiago et al. (2006a), Yoon et al. (2005a, b, 2006). 
"Amount of the predominant fatty acids is shown in bold font. Values of less than 1% for all strains are not shown. 
‘Summed feature 3 consisted of one or more of the following fatty acids which could not be separated by the Microbial Identification System: C. iso 2-OH, C 7c, 


and C 


“16:1 


oTt. 


‘Summed feature 4 consisted of one of the following fatty acids: C,,, iso I and C,,, 


natural seawater and 70% (v/v) distilled water]: Bacto peptone 
(Difco), 5.0; sucrose, 5.0; glucose, 1.0; yeast extract (Difco), 
2.5; KH PO, 0.1; MgSO, 0.1 g; and Bacto agar (Difco), 15.0 
(Nedashkovskaya et al., 2007a). Several members of the genus 
Algoriphagus have a terrestrial origin. Thus, strain Algoriphagus 
alkaliphilus AC-74" was recovered from sample of the alkaline 
artesian water and cultivated on a modified R2A medium with- 
out NaCl (Tiago et al., 2004, 2006a). Algoriphagus terrigena was 
isolated from soil sample using the dilution-plating on 10x 
diluted nutrient agar (Difco) with distilled water (Yoon et al., 
2006). For isolation of a single strain of Algoriphagus boritolerans, 
soil samples (5 g) were incubated in 50 ml of phosphate-buffered 
saline (PBS) solution at 30°C supplemented with 10 mM boron 
per day for several days. The supernatant was streaked on Luria- 
Bertani (LB) agar plates containing different levels of boron up 
to 200 mM (Ahmed et al., 2007). Strain T-22* was isolated on 
LB agar medium containing high boron concentration and cul- 
tivated on modified R2A medium (designated R3A-V) (Tiago et 
al., 2004) or on marine agar 2216 at 30°C. 


“16:1 


anteiso B. 


Maintenance procedures 


Almost all of the Algoriphagus strains remain viable on Marine 
agar (Difco) or other rich medium based on natural or artificial 
seawater for several weeks. They have survived storage at -80°C 
in Marine broth or artificial seawater supplemented with 20% 
glycerol (v/v) for at least 5 years. Strain Algoriphagus alkaliphilus 
AC-74' is cultivated on R3A-V medium at 30°C and maintained 
at -70^C in the same medium supplemented with 15% glyc- 
erol. Algoriphagus boritolerans is grown on R3A-V medium or on 
Marine agar 2216 at 30°C and maintained at -80°C in the same 
medium supplemented with 3546 glycerol. 


Differentiation of the genus Algoriphagus 
from other genera 


Bacteria belonging to the genus Algoriphagus have many simi- 
lar phenotypic features with the representatives of their closest 
phylogenetic relatives, the genera Aquiflexum, Belliella, Cyclobac- 
terium, Echinicola, and Rhodonellum (Table 105). All of them are 
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TABLE 105. Phenotypic characteristics that differentiate the genus Algoriphagus from its close relatives in the family Cyclobacteriaceae*” 


Characteristics Algoriphagus Aquiflexum Belliella Cyclobacterium Echinicola Rhodonellum 
Cell morphology: 
Regular rods + + + = + £ 
Ring-like/horseshoe- _ _ - + = u 
shaped 
Cell size (um) 0.3-0.7 x 0.3-10.0 0.3-0.6 x 1.1-4.8 0.3-0.5 x 0.9-3.0 0.3-0.7 x 0.8-1.5 0.3-0.5 x 1.1-2.3  0.7-1.0 x 0.8-3.0 
Gliding motility - - = = + - 
Oxidase activity + + 4 + + = 
Nitrate reduction D + + = 5 _ 
Salinity range (%) 0-10 0-6 0-6 0-10 0-15 0-3 
Growth at: 
25°C D + + + + = 
40°C D + _ + + " 
Hydrolysis of starch D * + - E + 
DNA G+C content 35-49 38.4 35.4 41-45 44—46 44.2 
(mol%) 


“Symbols: +, >85% positive; —, 0-15% positive; D, different reactions occur in different taxa (species of a genus). 


"Data are taken from Ahmed et al. (2007): Bowman et al. (2003), Brettar et al. (2004a, b), Nedashkovskaya et al. (2004, 2005, 2006, 2007a, b), Schmidt et al. (2006), 
Tiago et al. (2006a), Van Trappen et al. (2004), Yi and Chun (2004), Ying et al. (2006), Yoon et al. (2004, 2005a, b, 2006). 


aerobic bacteria that form the pink-pigmented colonies on suit- 
able solid nutrient media and grow without NaCl or seawater. 
However, Algoriphagus species may be easily differentiated from 
the genus Cyclobacterium by their inability to form ring-like or 
horseshoe-shaped cells on solid media (Raj and Maloy, 1990; 
Ying et al., 2006). Gliding motility and the absence of oxidase 
activity clearly distinguish representatives of the genus Algoriph- 
agus from the genera Echinicola and Rhodonellum, respectively 
(Nedashkovskaya et al., 2006, 2007a; Schmidt et al., 2006). 
Notably, species of Algoriphagus are characterized by very diverse 
phenotypic features. These characteristics are suitable for the 
species differentiation (Table 104), but separation of members 
of the genus Algoriphagus from their close relatives, especially 
from members of the genera Aquiflexum and Belliella, is more 
difficult because their phenotypic properties are very variable. 
Therefore, to order discriminate Algoriphagus from its nearest 
neighbors, a polyphasic approach, including fatty acid methy- 
lester (FAME) (Table 106) and 16S rRNA-based phylogenetic 
analysis, should be used. 


Taxonomic comments 


The genus Algoriphagus, consisting of a single species Algoripha- 
gus ralkowskyi, was established for accommodation of marine, 
saccharolytic, and cold-adapted Cytophaga-like bacteria by Bow- 
man and co-workers in 2003. Shortly thereafter, a new genus of 
marine bacteria, Hongiella, closely related to the genus Algoriph- 
agus, was described by Yi and Chun (2004). One of them, Hong- 
iella halophila, was moved to the genus Algoriphagus because of 
phylogenetic relatedness (96.8-97.5%) and phenotypic simi- 
larity with the Algoriphagus species (Nedashkovskaya et al., 
2004), while Hongiella mannitolivorans and Hongiella ornithiniv- 
orans were more distantly related (93.7-94.0 and 94.3-94.6%, 
respectively). The descriptions of the genera Algoriphagus and 
Hongiella were also emended in that study (Nedashkovskaya et 
al., 2004). Later, the description of the genus Chimaereicella, 
comprising a single species Chimaereicella alkaliphila, isolated 
from alkaline artesian water, was reported by Tiago and col- 
leagues (2006a). Despite a close phylogenetic relationship 


between Chimaereicella alkaliphila and the Algoriphagus species 
(sequence similarity was 94.3-95.5%) and a resemblance in 
their fatty acid composition, the new bacterium was placed 
in a new genus based on a distinct isolation source. Later, 
another Chimaereicella species, Chimaereicella boritolerans, recov- 
ered from soil, was described (Ahmed et al., 2007). A level 
of 16S rRNA gene sequence similarity between Chimaereicella 
boritolerans and its closest relative, Chimaereicella alkaliphila, was 
97.696. The similarity values between Chimaereicella boritolerans 
and representative members of the genera Algoriphagus and 
Hongiella were 94.7-96.0 and 95.1-96.7%, respectively. DNA- 
DNA relatedness between a soil isolate and Chimaereicella alka- 
liphila AC-74* was 28.3%. This fact supported the affiliation 
of the new isolate with the genus Chimaereicella as a separate 
species, Chimaereicella boritolerans. In course of studying a novel 
marine bacterium, designated strain KMM 62417, Nedashk- 
ovskaya et al. (2007b) carried out phylogenetic analysis based 
on sequencing of 16S rRNA gene. This analysis revealed an 
equidistant position of strains Chimaereicella alkaliphila AC-74* 
relative to members of the genera Algoriphagus and Hongiella, 
with sequence similarity of 94.7-97.0%. Similar phenotypic 
features, including the presence of oxidase activity and escu- 
lin hydrolysis and the absence of gliding motility and aerobic 
metabolism, may argue for moving the genus Chimaereicella to 
the genus Algoriphagus. In addition, the species of the genus 
Hongiella possess a close relatedness with validly published Algo- 
riphagus species with sequence similarities ranging from 93.7 to 
96.5%. These results taken together with similarity in fatty acid 
compositions and phenotypic properties could be considered 
strong confirmation of the proposal to transfer these species 
of the genus Hongiella to the genus Algoriphagus. Consequently, 
the phylogenetic evidence and the resemblance of phenotypic 
characteristics (Table 105) and fatty acid composition (Table 
106) support the joining of the genera Algoriphagus, Chimaer- 
eicella, and Hongiella into the single genus Algoriphagus, thereby 
requiring an emended description of the genus Algoriphagus 
(Nedashkovskaya et al., 2007b). Phylogenetic analysis of the 
almost-complete 16S rRNA gene sequences reveal that species 
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TABLE 106. Cellular fatty acid composition (%) of the genus A 


Igoriphagus and related genera of the family Cyclobacteriaceae* 


Fatty acid Algoriphagus Aquiflexum Echinicola Belliella Cyclobacterium Rhodonellum 
Cjo iso 0-2.2 - - - - - 
C,,, anteiso 0-2.6 4.8^ - _ _ _ 
C, AT - - 0-0.2 0-1.4 - - 
C,,,, iso 0-2.3 _ 0.1-0.2 1.8-2.2 0-2.1 - 
C,,, iso G 0-6.8 9.4 0-0.6 10.0-10.3 3.2-8.5 6.3 
C, iso 16.6-38.9 22.6 17.3-20.0 18.9-20.4 22.2-28.3 7.6 
Cs anteiso 0.8-6.4 18.3 1.4-2.8 4.2-4.8 6.3-9.2 1.4 
disd 0.3-3.0 _ 0.8-1.5 2.0-3.9 0-0.8 0.4 
Cs o6¢ 0-4.1 - 1.1-1.2 1.6-2.5 0.5-1.3 2.7 
Lg, OSC 0-5.8 2.0 4.9-7.8 2.0-4.6 0-3.6 1.8 
J 161 180 0.6-10.9 9.4 0.3-1.0 3.2-3.8 - 7.3 
C, iso 3-OH - 2.0 - - - - 
C 6.9 180 0.3-20.7 4.2 0.9-1.2 2.5-2.8 - 2.2 
Jed 0-3.2 _ 0.6-0.9 _ 0.5-4.9 0.6 
Cs iso 3-OH 1.6-5.1 1.4 3.4—5.0 2.1-2.3 1.1-3.7 3.7 
Ziso OH _ _ 2.5-2.6 - - - 
2,5, 180 0-0.8 - 0.7-1.0 0-0.5 - 0.2 
Cz cyclo 0-2.4 - - = = - 
C,,, iso 9c 1.5-14.6 5.2 4.4—6.9 6.6-10.2 4.3-10.3 17.5 
C,,,, anteiso o9c 0-1.6 Ll - - - - 
Cz 8c 0.4—0.9 - 0.4 0.9-1.5 - 0.2 
C; 6c 0.5-4.5 3.0 4.3-4.8 4.8-9.8 1.3-1.4 6.8 
Cs. iso 3-OH 0-4.7 - 0.4—0.7 1.8-2.1 0-1.0 2.8 
Ciso 3-OH 0-1.9 - 0.9-2.3 0-1.1 1.3-1.7 0.3 
C; iso 3-OH 4.9-10.7 1.4 9.4—10.0 3.0-3.3 8.0-10.7 17.5 
Cio 2-OH 0-2.2 - 0.4 - 1.5-2.9 1.1 
C, 07€ - - 0.7-0.8 - 0-3.0 - 
Lg, ODE 0.5-0.7 - 0.2 - 1.2-1.4 - 
Jig H 0-1.6 - - - - - 
Ai - _ _ _ 0-1.3 _ 
Cg. iso 0-1.3 1.5 0-0.7 0.8-1.6 - - 
Summed feature 3* 6.0-33.7 6.1 30.7-34.5 7.1-11.5 16.2-25.1 12.6 
Summed feature 44 0-4.9 2 0—5.0 3.4-4.0 2.5-4.4 - 
Summed feature 5* - - - - - 6.5 


Data are taken from Ahmed et al. (2007), Brettar et al. (2004a, b), Nedashkovskaya et al. (2004, 2005, 2006, 2007a, b), Schmidt et al. (2006), 


Ying et al. (2006), Yoon et al. (20052, b, 2006). 

‘Predominant fatty acids are shown in bold. Values of less than 1% for all 
**Summed features consist of one or more fatty acids that could not be se 
‘Summed feature 3 is C,,, iso 2-OH and/or C,,, @7c. 


“Summed feature 4 is C,,, iso I and C,,, anteiso B. 


17:1 


“Summed feature 5 is C,,, 2-OH and/or C,,,, iso 2-OH. 


of the genus Algoriphagus have a 16S rRNA gene sequence simi- 
larity of 93.5-99.6% and that the genus Algoriphagus forms a 
cluster with the genera Belliella, Rhodonellum, Aquiflexum, Echini- 
cola, and Cyclobacterium with sequence similarities of 91.5-93.4, 
91.1-93.0, 90.8-93.2, 88.8-92.4, and 88.7-91.7%, respectively. 


strains are not shown. 


parated by the Microbial Identification System. 


Differentiation of species of the genus Algoriphagus 


The species of the genus Algoriphagus have many common phe- 
notypic features. However, they can be differentiated from each 
other by several phenotypic traits as shown in Table 107. 


List of species of the genus Algoriphagus 


l. Algoriphagus alkaliphilus (Tiago, Mendes, Pires, Morais 
and Veríssimo 2006a) Nedashkovskaya, Kim, Kwon, Shin, 
Luo, Kim and Mikhailov 2007b, 1993V* ( Chimaereicella alka- 
liphila Tiago, Mendes, Pires, Morais and Veríssimo 2006b, 
925’; effective publication: Tiago, Mendes, Pires, Morais 
and Verissimo 2006a, 107.) 


al.ka.li.phi'la. N.L. n. alkali (from Arabic article al the; Arabic 
n. qaliy ashes of saltwort, soda), alkali; Gr. adj. philos loving; 
N.L. masc. adj. alkaliphilus loving alkaline environments. 


Cells are 0.5 x 2.1-3.3 um. Colonies are small and red. 
Optimal growth occurs at about 30°C, at pH 8.0 and without 
NaCl. Hippurate is hydrolyzed, but elastin is not. Xylanase 
is not produced. p-Arabitol, L-arabitol, ribitol, o-methyl- 
mannoside, and 2-ketogluconate are utilized but erythritol, 
galactitol, B-methyl-xyloside, amygdalin, ribose, L-sorbose, 
glycogen, and inulin are not. Acid is formed from o-methyl- 
glucoside, arbutin, salicin, B-gentiobiose, p-turanose, and 
5-ketogluconate. Susceptible to ceftazidin and cephalothin. 


TABLE 107. Phenotypic characteristics of the Algoriphagus species^^ 


1. A. alkaliphilus 

2. A. antarcticus 

3. A. aquimarinus 

4. A. boritolerans 

5. A. chordae 

6. A. halophilus 

7. A. locisalis 

8. A. mannitolivorans 
9. A. marincola 

10. A. ornithinivorans 
11. A. ratkowskyi 

12. A. terrigena 

13. A. vanfongiensis 
14. A. winogradskyi 
15. A. yeomjeoni 


Characteristic 
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L-Arabinose 


I 
4 
+ 
E 

I 
4 
+ 


p-Cellobiose 


I 
2 
e 

I 
2 
a 
=) 
a 

I 
i=) 
a 


D-Fructose 
D-Galactose 


+ + + + + + 


p-Glucose 
p-Lactose 


+ + + + + + 


p-Maltose 


l 
— 


p-Mannose 
p-Melibiose 
p-Raffinose 


+ + + + + + + + + 
I 
I 

+ ++ ++ + +P. + + 
+ 

+ ++ + ++ ++ + + 
+ 


qM eq 
RU 


e 


I 
I 
I 
a 
I 
+ + + + + 


I 

I 
sp: 
+ 


L-Rhamnose 
p-Sucrose 


+ + + + + + + + + 
a 


+ + 
I 
+ 
I 


p-Irehalose 


+ ++ ++ ++ + + 
B 
e. 

+. + + + + + + + + + + + + 
I 


+ + + + 


I 

I 
ES 

I 
3] 
ae 


DL-Xylose 
Utilization of: 
L-Arabinose 
p-Galactose 
p-Glucose 
p-Lactose 
p-Maltose 


+ + + + + + 
+ + + + + 


D-Mannose 
D-Xylose - nd 
p-Mannitol = = 
Sorbitol + nd - - - - nd - - 

Inositol = nd = _ = = = = = = 
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Glycerol _ nd = nd = = = = - = 

N-Acetylglucosamine - - t - + + nd + _ + + nd + + _ 
Susceptibility to: 

Ampicillin nd nd = nd - - - + + 

Benzylpenicillin nd nd _ + _ _ _ + + + = - - = = 

Carbenicillin nd nd + nd - t - + + 

Gentamicin nd nd _ + _ _ _ _ _ = S - 
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Kanamycin + 
Lincomycin nd nd 


+ + 
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+ + 
+ + 
+ + 


Oleandomycin nd nd 

Neomycin nd nd = nd _ _ _ _ _ _ _ _ 

Polymyxin B nd nd = nd = = - - + 

Streptomycin nd nd _ + _ _ _ + + - = = EU E 

Tetracycline nd nd + + _ + _ + + + + _ + d _ 

DNA G+C content 48.5 39-41 41 49.5 37-40 37 42 42 43 38 35 49 43.8 39-42 41 
(mol%) 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; v, variable reaction; nd, not determined. 
"Data from Ahmed et al. (2007), Bowman et al. (2003), Nedashkovskaya et al. (2004, 2007b), Tiago et al. (2006a), Van Trappen et al. (2004), Yi and Chun (2004), Yoon 
etal. (2004, 2005a, b, 2006). 


GENUS Il. ALGORIPHAGUS 431 


Source: artesian water collected at Cabeco de Vide, 
Southern Portugal. 

DNA G+C content (mol% ): 48.5 (HPLC). 

Type strain: AC-74, CIP 108470, LMG 22694. 

Sequence accession no. (16S rRNA gene): AJ717393. 


. Algoriphagus antarcticus Van Trappen, Vandecandelaere, 
Mergaert and Swings 2004, 1972” 


ant.arc'ti.cus. L. masc. adj. antarcticus southern, of the Ant- 
arctic, the environment from where the strains were iso- 
lated. 


Cells are up to 0.5 um in width and 2-3 um in length. On 
Marine agar, colonies are 0.5-3 mm in diameter, opaque, 
and orange-red after 6 d incubation. Optimal growth 
occurs at 20°C and with 2% NaCl. Pectin and tyrosine are 
not hydrolyzed. No acid is produced from carbohydrates. 
Gluconate, caprate, adipate, and phenylacetate are not uti- 
lized. 

Source: microbial mats from lakes Reid, Fryxell, and Ace, 
Antarctica. 

DNA G+C content (mol % ): 39.9-41.0 (HPLC). 

Type strain: R-10710, LMG 21980, DSM 15986. 

Sequence accession no. (16S rRNA gene): AJ577141. 


. Algoriphagus aquimarinus Nedashkovskaya, Vancanneyt, 
Van Trappen, Vandemeulebroecke, Lysenko, Rohde, 
Falsen, Frolova, Mikhailov and Swings 2004, 1762" 


a.qui.ma.ri'nus. L. fem. n. aqua water, L. masc. adj. marinus 
marine, of the sea; N.L. masc. adj. aquimarinus, of seawater. 


Cells range from 0.5-0.7 um in width and 1-10 um in 
length. On Marine agar, colonies are 2-3 mm in diameter 
and pale-pink. Optimal temperature for growth is 23-25*C. 
No acid is produced from r-sorbose, adonitol, or glycerol. 

Source: seawater from Amursky Bay, Gulf of Peter the 
Great, Sea of Japan. 

DNA G+C content (mol% ): 41.0 (T, ). 


Type strain: KMM 3958, LMG 21971, CCUG 47101. 
Sequence accession no. (16S rRNA gene): AJ575264. 


. Algoriphagus boritolerans (Ahmed, Yokota and Fujiwara 
2007) Nedashkovskaya, Kim, Kwon, Shin, Luo, Kim and 
Mikhailov 2007b, 1993’? (Chimaereicella boritolerans Ahmed, 
Yokota and Fujiwara 2007, 991%") 


bo'ri.to.le.rans. N.L. n. borum boron; L. part. adj. tolerans tol- 
erating; N.L. part. adj. boritolerans boron-tolerating). 


Cells are 0.3-0.4 x 1.2-3.4 um, occurring singly and occa- 
sionally in pairs. Colonies are red and small in diameter 
after several days of incubation at 30°C. Growth is observed 
at pH 6.5-10.0. Optimal growth occurs at 28-30°C and pH 
8.0-9.0. Tolerant up to 300 mM boron but grows optimally 
without boron supply. Acid is produced from p-turanose, 
gentiobiose, inulin, potassium 5-ketogluconate, methyl a-p- 
mannopyranoside, glycogen, and p-yxose but not from 
salicin, glycerol, erythritol, p-ribose, L-sorbose, D-tagatose, 
D- and r-fucose, p- and L-arabitol, potassium gluconate, 
potassium  2-ketogluconate, methyl -p-xylopyranoside, 
p-adonitol, dulcitol, p-sorbitol, amygdalyn, p-melezitose, or 
xylitol. Amygdalin, arbutin, and melezitose are utilized, but 
erythritol, p-ribose, r-xylose, methyl p-pb-xylopyranoside, 
L-sorbose, p-melibiose, p-trehalose, p-raffinose, potassium 


gluconate, L-fucose or D-tagatose are not. o-Chymotrypsin, 
leucine arylamidase, valine arylamidase, naphthol-AS-BI- 
phosphohydrolase, esterase (C4), esterase lipase (C8), 
trypsin, acid phosphatase, and a-glucosidase are produced. 
Weakly susceptible to rifampin and cefoperazon but resis- 
tant to oxacillin, sulfamethizol, and metronidazole. Suscep- 
tible to amoxycycline and ofloxacin; resistant to cephalothin 
and chloramphenicol. 

Source: naturally boron-contaminated soil of the Hisarcik 
area in the Kutahya province of Turkey. 

DNA G+C content (mol% ): 42.5 (HPLC). 

Type strain: T-22, ATCC BAA-1189, DSM 17298, NBRC 
101277. 

Sequence accession no. (16S rRNA gene): AB197852. 


. Algoriphagus chordae Nedashkovskaya, Vancanneyt, Van 


Trappen, Vandemeulebroecke, Lysenko, Rohde, Falsen, 
Frolova, Mikhailov and Swings 2004, 1763V* 


chor'dae. N.L. gen. n. chordae of Chorda, the generic name 
of the brown alga Chorda filum, from which the type strain 
was isolated. 


Cells are 0.5-0.7 um in width and 1-10 um in length. On 
Marine agar, colonies are 2-3 mm in diameter, bright pink, 
and sunken into the agar. Optimal temperature for growth 
is 23-25°C. No acid is produced from L-sorbose, adonitol, 
or glycerol. 

Source: brown alga Chorda filum, Troitsa Bay, Gulf of Peter 
the Great, Sea of Japan. 

DNA G+C content (mol % ): 37-40 (T. ). 

Type strain: KMM 3957, LMG 21970, CCUG 47095. 

Sequence accession no. (16S rRNA gene): AJ575265. 


. Algoriphagus halophilus (Yi and Chun 2004) Nedashk- 


ovskaya, Vancanneyt, Van Trappen, Vandemeulebroecke, 
Lysenko, Rohde, Falsen, Frolova, Mikhailov and Swings 
2004, 1763V" ( Hongiella halophila Yi and Chun 2004, 160°") 


ha.lo.phi'lus. Gr. n. hals halos salt; Gr. adj. philos loving; 
N.L. masc.adj. halophilus, salt-loving. 


Cells are 0.3-0.5 um in width and 1.0-1.8 um in length. On 
Marine agar, colonies are flat, translucent, and pink-orange. 
Optimal growth occurs at 35°C, pH 7.0, and with 1-2% NaCl 
or 1-256 artificial sea salts. Alginic acids and egg yolk are not 
decomposed. No acid is produced from r-sorbose, adonitol 
or glycerol. pn-Cellobiose, D-fructose, and p-salicin are utilized 
but acetamide, acetate, benzoate, citrate, D-ribose, ethanol, 
glycine, inulin, 2-propanol, L-arginine, L-ascorbate, L-aspar- 
agine, L-lysine, L-ornithine, polyethylene glycol, salicylate, 
succinate, tartrate, or thiamin is not. Leucine arylamidase, 
acid phosphatase, o-chymotrypsin, naphthol-AS-BI-phos- 
phohydrolase, B-glucuronidase and a- and f-glucosidases 
activities are present, but esterase (C4), esterase lipase (C8), 
lipase (C14), cystine arylamidase, valine arylamidase, trypsin, 
a-mannosidase, and a-fucosidase activities are absent. Maxi- 
mum absorption of pigment occurs at 475 nm. 

Source: sediment sample of getbol, the Korean tidal flat, 
Sea of Japan. 

DNA G+C content (mol96): 37 (HPLC). 

Type strain: JC 2051, KCTC 12051, DSM 15292, IMSNU 
14018. 

Sequence accession no. (16S rRNA gene): AY264839. 
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9. Algoriphagus marincola 


FAMILY Il. CYCLOBACTERIACEAE 


Algoriphagus locisalis Yoon, Kang and Oh 2005b, 1638% 


lo.ci.sa'lis. L. n. locus place, locality; L. gen. n. salis, of salt; 
N.L. gen. n. locisalis, of a place of salt. 


Cells are rods 0.4-0.7 um in width and 1.5-3.0 um in 
length. On Marine agar, colonies are 1-2 mm in diameter 
and orange after 3 d incubation at 30°C. Optimal growth 
occurs at 30°C, pH 7.0-8.0, and with 2% (w/v) NaCl. 
Hypoxanthine, xanthine, and tyrosine are not decomposed. 
No acid is produced from p-melezitose or D-sorbitol. Salicin 
is utilized but succinate, formate, and L-glutamate are not. 
Utilization of p-trehalose is strain-dependent (positive for 
the type strain). Susceptible to chloramphenicol. 

Source: seawater from a marine solar saltern of the Yellow 
Sea in Korea. 

DNA G+C content (mol96): 42 (HPLC). 

Type strain: MSS-170, KCTC 12310, JCM 12597. 

Sequence accession no. (16S rRNA gene): AY835922. 


. Algoriphagus mannitolivorans (Yi and Chun 2004) Nedash- 


kovskaya, Kim, Kwon, Shin, Luo, Kim and Mikhailov 2007b, 
1993"* ( Hongiella mannitolivorans Yi and Chun 2004, 160°") 


man.ni.to.li.yvyo'rans. N.L. n. mannitolum mannitol; L. v. 
vorare to devour; N.L. part. adj. mannitolivorans mannitol- 
devouring, utilizing mannitol. 


Cells are 0.4—0.5 x 1.1-1.7 um. Colonies are pink-orange 
on Marine agar. Optimal growth is observed at 35-40°C, 
pH 7.0 and with 1% NaCl or 0.5-1.5% artificial sea salts. 
Alginic acids and egg yolk are not decomposed. Acid is not 
formed from p-adonitol, glycerol or p-sorbitol. p-Fructose, 
acetamide, acetate, benzoate, citrate, D-ribose, D-sorbitol, 
ethanol, glycine, inulin, 2-propanol, L-arginine, L-ascorbate, 
L-asparagine, L-lysine, L-ornithine, polyethylene glycol, 
salicylate, tartrate, and thiamine are not utilized. Leucine 
arylamidase, valine arylamidase, trypsin, o-chymotrypsin, 
acid phosphatase, naphthol-AS-BI-phosphohydrolase, and 
o-galactosidase are produced, but esterase lipase (C8), 
lipase (C14), cystine arylamidase, B-glucuronidase, a- and 
P-glucosidases, o-mannosidase, and a-fucosidase are not. 
Susceptible to chloramphenicol, doxycycline, and erythro- 
mycin. Maximum absorption of pigment occurs at 480 nm. 

Source: sediment of getbol, of the Korean tidal flat. 

DNA G+C content (mol96): 42 (HPLC). 

Type strain: JC 2050, DSM 15301, IMNSNU 14012, KCTC 
12050. 

Sequence accession no. (16S rRNA gene): AY264838. 


(Yoon, Yeo and Oh 2004) 
Nedashkovskaya, Kim, Kwon, Shin, Luo, Kim and Mikhailov 
2007b, 1993” ( Hongiella marincola Yoon, Yeo and Oh 2004, 
1848V*) 

ma.rin'co.la. L. n. mare -is the sea; L. n. incola inhabitant; 
N.L. n. marincola inhabitant of the sea. 


Cells are 0.4—0.6 x 2.0-3.0 um. Colonies are low convex, 
reddish-orange, and 1-2 mm in diameter after 72 h incuba- 
tion at 37°C on Marine agar. Optimal growth occurs at 37°C, 
pH 6.5-7.5, and with 2-3% NaCl. Tyrosine is hydrolyzed 
weakly. Hypoxanthine, xanthine and birchwood xylan are 
not degraded. Acid is produced from p-melezitose but not 
from D-ribose, glycerol or adonitol. p-Trehalose is utilized 
but p-fructose, acetate, benzoate, citrate, formate, and 


succinate are not. Leucine arylamidase, valine arylamidase, 
cystine arylamidase, esterase (C4), esterase lipase (C8), 
acid phosphatase, trypsin, o-chymotrypsin, naphthol-AS- 
BI-phosphohydrolase, a-glucosidase, and B-glucosidase are 
produced, but lipase (C14), a-galactosidase, o-mannosi- 
dase, a-fucosidase, or f-glucuronidase is not. Susceptible to 
chloramphenicol, doxycycline, and erythromycin. 

Source: seawater from the East Sea of Korea. 

DNA G+C content (mol 96): 43 (HPLC). 

Type strain: SW-2, DSM 16067, JCM 12319, KCTC 12180. 

Sequence accession no. (16S rRNA gene): AY533663. 

Reference strain: SW-26. 

Sequence accession no. (16S rRNA gene): AY533664. 


10. Algoriphagus ornithinivorans (Yi and Chun 2004) Nedash- 


kovskaya, Kim, Kwon, Shin, Luo, Kim and Mikhailov 2007b, 
1993% ( Hongiella ornithinivorans Yi and Chun 2004, 160%") 


or'ni.thi.ni.vo'rans. N.L. n. ornithinum ornithine; L. v. vorare 
to devour; N.L. part. adj. ornithinivorans ornithine-devour- 
ing, utilizing ornithine. 


Cells are 0.3—0.4 x 0.8-2.6 um. Colonies are pink-orange 
on Marine agar. Optimal growth is observed at 35-40*C, 
pH 7.0, and with 1% NaCl or 1.0-2.5% artificial sea salts. 
Maximum absorption of pigment occurs at 480 nm. Hydro- 
lysis of alginic acids and egg yolk is not detected. Leucine 
arylamidase, valine arylamidase, acid phosphatase, naph- 
thol-AS-BY-phosphohydrolase, trypsin, a-chymotrypsin, 
a-galactosidase, o-glucosidase, and -glucosidase are pro- 
duced, but esterase (C4), esterase lipase (C8), lipase (C14), 
cystine arylamidase, f-glucuronidase, o-mannosidase, or 
a-fucosidase are not. Acid is not produced from b-adonitol, 
glycerol or p-sorbitol. D-Fructose, p-trehalose, D-salicin, and 
L-ornithine are utilized, but acetamide, acetate, benzoate, 
citrate, D-ribose, p-sorbitol, ethanol, glycine, inulin, 2-pro- 
panol, L-arginine, L-ascorbate, L-asparagine, L-lysine, poly- 
ethylene glycol, salicylate, succinate, tartrate, and thiamine 
are not. Susceptible to chloramphenicol, doxycycline, and 
erythromycin. 

Source: sediment of getbol, of the Korean tidal flat. 

DNA G+C content (mol 96): 38 (HPLC). 

Type strain: JC 2052, DSM 15282, IMSNU 14014, KCTC 
12052. 

Sequence accession no. (16S rRNA gene): AY264840. 


11. Algoriphagus ratkowskyi Bowman, Mancuso, Nichols and 


Gibson 2003, 1352V* 


rat.kow'skyi. N.L. gen. masc. n. ratkowskyi of Ratkowsky, 
named in honor of David A. Ratkowsky, who made signifi- 
cant contributions to growth modelling of bacteria, includ- 
ing psychrophilic bacteria. 


Cells are 0.3-0.4 x 0.3-0.9 um. On Marine agar, colonies 
are 1-3 mm in diameter and salmon-pink. Optimal growth 
occurs at 16-19*C and with 0-6% NaCl. Tributyrin is not 
hydrolyzed. a-Fucosidase and glutamyl glycine arylamidase 
activities are present; some strains produce f-glucuroni- 
dase. Acid is not formed from sugar alcohols. Salicin, 
P-glycerol phosphate, p-gluconate, propionate, isobutyrate, 
succinate, pimelate, azelate, r-proline, 2-aminobutyrate, 
and r-serine are utilized. Utilization of L-ornithine, glyco- 
gen, n-butyrate, glutarate, aconitate, and hydroxyl-L-proline 


GENUS III. AQUIFLEXUM 


is strain-dependent. The following substrates are not utilized 
as sole carbon sources: L-fucose, 2-ketogluconate, adonitol, 
p-arabitol, dulcitol, iso-erythritol, methanol, itaconate, 
n-valerate, suberate, 3-pL-hydroxybutyrate, oxaloacetate, 
DL-lactate, DL-tartrate, methylamine, isovalerate, heptano- 
ate, caproate, nonanoate, adipate, 2-oxoglutarate, L-alanine, 
L-aspartate, L-asparagine, L-phenylalanine, r-glutamate, 
L-histidine, L-threonine, L-tyrosine, L-leucine, putrescine, 
and urate. 

Source: cold marine and marine-derived habitats, includ- 
ing sea ice and algal mats of saline lakes. 

DNA G+C content (mol % ): 35-36 (T). 

Type strain: 1C025, ACAM 646, LMG 21435, CIP 107452. 

Sequence accession no. (16S rRNA gene): U85891. 


12. Algoriphagus terrigena Yoon, Lee, Kang and Oh 2006, 
779? 


ter.ri.ge'na. L. masc. or fem. n. terrigena child of the earth, 
referring to the isolation of the type strain from soil. 


Cells are 0.4—0.6 x 0.8-2.5 um. On Marine agar, colonies 
are 1-2 mm in diameter and light orange after incubation 
for 7 d at 25°C. Optimal growth occurs at 25°C, pH 6.5-7.5, 
and with 2% (w/v) NaCl. Hypoxanthine, xanthine, and 
tyrosine are not decomposed. a-Mannosidase is present but 
P-glucuronidase and o-fucosidase are absent. Acid is formed 
from p-melezitose and Dp-ribose but not from pn-sorbitol. 
Salicin is utilized as a sole carbon and energy source but not 
succinate or L-glutamate. Susceptible to chloramphenicol 
and novobiocin but resistant to cephalothin. 

Source: soil of island Dokdo, Korea. 

DNA G+C content (mol 96): 49.0 (HPLC). 

Type strain: DS-44, KCTC 12545, CIP 108837. 

Sequence accession no. (16S rRNA gene): DQ178979. 


13. Algoriphagus vanfongensis Nedashkovskaya, Kim, Kwon, 
Shin, Luo, Kim and Mikhailov 2007b, 1990"? 


van.fong.en'sis. N.L. masc. adj. vanfongensis pertaining to 
the Vanfong Bay, from which the type strain was isolated. 


Cells are 0.4—0.5 x 1.0-2.5 um. Colonies are light-pink 
on Marine agar. Optimal growth is observed with 1-4% 
NaCl. Acid is not produced from L-sorbose, glycerol, 
adonitol or dulcitol. Gluconate, caprate, adipate, malate, 
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citrate, or phenylacetate is not utilized. Susceptible to 
chloramphenicol, doxycycline, and erythromycin. 

Source: coral Palithoa sp. collected in Vanfong Bay, South 
China Sea, Vietnam. 

DNA G+C content (mol % ): 43.8 (T). 


Type strain: KMM 6241, DSM 17529, KCTC 12716. 
Sequence accession no. (16S rRNA gene): EF392675. 


14. Algoriphagus winogradskyi Nedashkovskaya, Vancanneyt, 
Van Trappen, Vandemeulebroecke, Lysenko, Rohde, Fals- 
en, Frolova, Mikhailov and Swings 2004, 1763” 


wi.no.grad'skyi. N.L. gen. masc. n. winogradskyi, of Win- 
ogradsky, named to honor Sergey N. Winogradsky, for his 
contributions to the study of Cytophaga-like bacteria. 


Cells are 0.5-0.7 x 1-10 um. On Marine agar, colonies 
are 2-4 mm in diameter, bright pink, and sunken into the 
agar. Optimal temperature for growth is 25—28°C. No acid is 
produced from r-sorbose, adonitol, or glycerol. 

Source: green alga Acrosiphonia sonderi, Troitsa Bay, Gulf of 
Peter The Great, Sea of Japan. 

DNA G+C content (mol % ): 39-42 (T. ). 

Type strain: KMM 3956, LMG 21969, JCM 13505, CCUG 
47094. 

Sequence accession no. (16S rRNA gene): AJ575263. 


15. Algoriphagus yeomjeoni Yoon, Kang, Jung, Lee and Oh 
2005a, 869%" 
yeom,jeo'ni. N.L. gen. n. yeomjeoni, of a yeomjeon, the 
Korean name for a marine solar saltern. 

Cells are 0.4-0.7 x 1.5-2.5 um. On Marine agar, colonies are 
0.8-1.0 mm in diameter and vivid orange after 3 d incubation 
at 30°C. Optimal growth occurs at 25-30°C, pH 7.0-8.0, and 
with 2% (w/v) NaCl. Hypoxanthine, xanthine, and tyrosine 
are not decomposed. No acid is produced from D-melezitose, 
D-ribose, or D-sorbitol. Salicin is utilized but succinate and 
L-glutamate are not. Susceptible to chloramphenicol. 

Source: seawater in a marine solar saltern of the Yellow 
Sea in Korea. 

DNA G+C content (mol % ): 41 (HPLC). 

Type strain: strain MSS-160, KCTC 12309, JCM 12598. 

Sequence accession no. (16S rRNA gene): AY699794. 

Reference strain: MSS-161. 


Genus Ill. Aquiflexum Brettar, Christen and Hófle 2004b, 2339" 


INGRID BRETTAR, RICHARD CHRISTEN AND MANFRED G. HOFLE 


A.qui.fle'xum. L. fem. n. aqua water; L. part. adj. flexus -a -um bent, winding; N.L. neut. n. Aquiflexum 
to indicate the bacterium's aquatic origin and its long flexible rods. 


Rods, occurring singly or in chains of up to five cells. Nonmo- 
tile (no flagella, no gliding activity), Gram-stain-negative. Aero- 
bic. Heterotrophic. Oxidase- and catalase-positive. Cells contain 
a high percentage of branched-chain fatty acids (28096), and of 
C,,,, anteiso. Cells contain carotenoids but no flexirubin. NaCl 
is not needed for growth, but growth is improved by its pres- 
ence. Nitrate is reduced to nitrite. Gelatin is hydrolyzed. 

DNA G+C content (mol 96): 38.4 (HPLC). 

Type species: Aquiflexum balticum Brettar, Christen and Hófle 
2004b, 2339%". 


Further descriptive information 


The genus Aquiflexum is so far represented by a single strain and 
a single species, Aquiflexum balticum BA160". 


Enrichment and isolation procedures 


Strain BA160' was isolated during a cruise onboard the research 
vessel (RV) Arandain September 1998 from surface water (5 m, 
15°C, 6% salinity, pH 8.2) from a site in the Central Baltic Sea 
at the entrance of the Gulf of Finland (station LL12, 59.2900? 
N, 22.5898? E). The strain was isolated by spreading 0.1 ml 
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of seawater on 1/5 diluted Marine agar (Difco 2216, Marine 
broth or agar diluted by a factor of 5; final concentration of 
agar, 1.8%) and subsequently purified and cultured on this 
medium. 


Maintenance procedures 


The strain can be kept alive for months at 4°C on agar plates 
(dilute or regular Marine agar), mixed with glycerol and stored 
at —70°C, or freeze-dried. For growing the strain from old or 
preserved biomass, incubation at 30-35°C is recommended. At 
room temperature, cultivation is often not successful or shows 
long lag-periods. 


Differentiation of the genus Aquiflexum from other genera 


According to 16S rRNA gene sequence analysis, Aquiflexum is 
most closely related to the genera Belliella, Algoriphagus, Hongiella, 
and Cyclobacterium (see phylogenetic tree in the genus description 
of Belliella). The nearest relative is Belliella baltica (Brettar et al., 
20042), having a 16S rRNA gene sequence similarity of 92.4%. By 
phenotypic traits, Aquiflexum can be distinguished from Belliella 
by its temperature range and optimum, hydrolysis of gelatin, acid 
production from 13 substrates, assimilation of three substrates, 
and utilization of eight substrates. Compared to Belliella baltica, 
BA160° showed a higher versatility in using organic substrates, 


FAMILY Il. CYCLOBACTERIACEAE 


except for amino acids. Compared to Belliella baltica, Aquiflexum 
has a higher fraction of branched-chain fatty acids (BA160': 
87%, Belliella baltica: 70%), lower number of detectable fatty acid 
compounds, and considerably different composition. The major 
difference is the higher abundance of anteiso branched fatty acids 
(Aquiflexum balticum, 22%; Belliella baltica, 8%). The most abun- 
dant was C; anteiso (Aquiflexum balticum, 19%; Belliella baltica, 
4.5%). Additionally, C,,, anteiso 9c was detectable for Aqui- 
flexum balticum, but not for Belliella baltica. 
A table of comparison is given in the chapter on Belliella. 


Taxonomic comments 


The genus Aquiflexum belongs to the family Cyclobacteriaceae of 
the class Cytophagia. The phylogenetic tree in the chapter on 
Belliella reflects the phylogenetic relationships within the family 
Cyclobacteriaceae. 
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List of species of the genus Aquiflexum 


1. Aquiflexum balticum Brettar, Christen and Hófle 2004b, 
2339V* 
bal'ti.cum. N. L. neut. adj. balticum of or belonging to the 
Baltic sea, referring to the source of the type strain. 


The characteristics are as given for the genus with the 
following additional characteristics. Cells are 0.3-0.6 um x 
1.1-4.8 um. The dominant fatty acids are of C,., iso, C, 
anteiso, C,,, iso G, and C,,, iso H. Colonies are circular, 
smooth, convex, and entire; they are red and transparent 
when young but become opaque with ongoing incubation 
(>l week, 30°C, on 1⁄x Marine agar). The temperature range 
is 4—40°C; optimum, around 30°C. Growth occurs in 0-6% 
NaCl; optimum, around 1.5%. The pH range is 7-9; opti- 
mum, at neutral pH. Esculin, starch, and gelatin are hydro- 
lyzed. No degradation of cellulose or tyrosine occurs. Indole 
is not produced. Growth does not occur on media with 0.596 
yeast, casein, DNA, chitin, or pectin. Acid is produced (using 
the API 50CHE system) from galactose, D-glucose, D-fructose, 
D-mannose, rhamnose, o-methyl-b-mannoside, o-methyl-p- 
glucoside, Nacetylglucosamine, amygdalin, arbutin, esculin 
salicin, cellobiose, maltose, lactose, melibiose, sucrose, treha- 
lose, inulin, melezitose, p-raffinose, starch, glycogen, xylitol, 


P-gentiobiose, p-turanose, L-fucose, and 5-ketogluconate. 
Enzymic activities (i.e., positive results using the API 20NE 
and API ZYM systems) include a- and p-glucosidase; B-galac- 
tosidase; acid and alkaline phosphatase; leucine-, valine-, and 
cystine-arylamidase; trypsin; chymotrypsin; naphthol-phos- 
phohydrolase; and Nacetyl-6-glucosaminase. The follow- 
ing substrates are assimilated (using the API 20NE system): 
glucose, arabinose, mannose, Nacetylglucosamine, maltose, 
and gluconate. The following substrates are utilized (using 
the Biolog GN2 system): L-arabinose, cellobiose, L-fructose, 
D-galactose, gentiobiose, o-p-glucose, a-b-lactose, lactulose, 
maltose, D-mannose, B-methyl-p-glucoside, p-psicose, D-sorb- 
itol, sucrose, p-trehalose, turanose, mono-methyl-succinate, 
acetic acid, o-ketoglutaric acid, lactic acid, and propionic 
acid. All unmentioned tests using the API 20CHE, API ZYM, 
API 20NE, and Biolog GN2 test systems were negative. No 
utilization of amino acids was detected, but aminopeptidase 
was produced. 

Source: marine or estuarine. 

DNA G+C content (mol96): 38.4 (HPLC). 

Type strain: BA160, CIP 108445, DSM 16537, LMG 22565. 

Sequence accession no. (16S rRNA gene): AJ744861. 


Genus IV. Belliella Brettar, Christen and Hófle 2004a, 69"* 


INGRID BRETTAR, RICHARD CHRISTEN AND MANFRED G. HOFLE 


Bel.li.el'la. N.L. fem. dim. n. Belliella named in honor the aquatic microbiologist Russell Bell of the University 


of Uppsala. 


Rods occurring as single cells or chains of up to five cells. Non- 
motile (no flagella, no gliding activity). Gram-stain-negative. 
Aerobic. Oxidase- and catalase-positive. Chemoheterotrophic. 


The dominant fatty acids are C,,, iso, C,., iso G, C,,, iso 9c 


and C,,,, @6c. Cells contain carotenoids but no flexirubin. NaCl 

is not required for growth and does not influence growth up to 

3%. Nitrate is reduced to nitrite. Gelatin is not hydrolyzed. 
DNA G+C content (mol % ): 35.3—35.5. 


GENUS IV. BELLIELLA 


Type species: Belliella baltica Brettar, Christen and Hofle 
2004a, 69°", 


Further descriptive information 
The genus Belliella is so far represented by a single species com- 


prising two strains, Belliella baltica BA1 and BA134", both iso- 
lated from the central Baltic Sea. 


Enrichment and isolation procedures 


The strains of Belliella baltica were isolated during a cruise 
onboard the research vessel (RV) Aranda in September 1998 
from surface water (5 m, 15°C, 7% salinity, pH 8.4) of two sta- 
tions in the Central Baltic Sea (Gotland Deep BY-15 [57.1920°N, 
20.0302°E] and TEILI1 [59.2607°N, 21.3002°E]). Strains were 
isolated by spreading 0.1 ml of seawater on 1/5 diluted Marine 
agar (Difco 2216; Marine broth or agar diluted by a factor of 5; 
final concentration of agar, 1.8%), and subsequently purified 
and cultured on this medium. 


+ 68% 


+* 65% 
+* 999, 0 


+* 100% 
+* 98% 


90% 


+* 100% 


+* 93% 
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Maintenance procedures 


The strain can be kept alive for months at 4°C on agar plates 
(dilute or regular Marine agar), mixed with glycerol and stored 
at —70°C, or freeze-dried. Recovery from old biomass or from 
preserved biomass is recommended on Marine agar (half- 
strength) at 20-25°C. 


Differentiation of the genus Belliella from other genera 


According to 16S rRNA gene sequence analysis, Belliella is most 
closely related to the genera Aquiflexum, Algoriphagus, Hongiella, 
and Cyclobacterium (see Figure 78). The nearest relative is Aqui- 
flexum balticum (Brettar et al., 2004b), having a 16S rRNA gene 
sequence similarity of 92.4%. Belliella can be distinguished from 
Aquiflexum on the basis of its temperature range and optimum, 
hydrolysis of gelatin, acid production from 13 substrates, assim- 
ilation of three substrates, and utilization of eight substrates 
(Table 108). Compared to Aquiflexum balticum, Belliella is less 
able to use organic substrates. The cellular fatty acids show sig- 
nificant differences between Aquiflexum and Belliella. The major 


Belliella baltica BA134T {AJ564643} 
Aquiflexum balticum BA160' {AJ744861} 
4* 75,  Algoriphagus winogradskii LMG 219691 {AJ575263} 
+* 91% Algoriphagus locisalis MSS 1707 {AY835922} 
Algoriphagus yeomjeoni MSS 160! {AY699794} 
Algoriphagus chordae LMG 21970" {AJ575265} 
Algoriphagus antarcticus LMG 21980! {AJ577141} 
Algoriphagus ratkowskyi LMG 21435! {AJ608641} 
Algoriphagus aquimarinus KMM 39581 {AJ575264} 
Algoriphagus terrigena DS-44" (DQ178979Y 
Algoriphagus halophilus JC2051T {AY 264839} 
Hongiella mannitolivorans JC2050' {AY 264838} 
Hongiella ornithinivorans JC2052" {AY264840} 


Hongiella marincola SW2" {AY533663} 
Cyclobacterium amurskyense. KMM 6143" {AY960985} 


Cyclobacterium marinum LMG 13164" {AJ575266} 


Flexibacter flexilis ATCC 230791 (M627941 


Flexibacter flexilis IFO 15060! {AB078050} 


FIGURE 78. Phylogenetic position of Belliella baltica and Aquiflexum balticum within the family Cyclobacteriaceae. According to the phylogenetic 
analysis of almost complete 16S rRNA gene sequences, Aquiflexum balticum BA160' and Belliella baltica BA134" belong to a well defined clade (all 
three phylogenetic methods — see below) that also includes genera such as Algoriphagus, Hongiella, and Cyclobacterium. Aquiflexum balticum and Bel- 
liella baltica fail to cluster robustly with any of these genera or with each other, strongly supporting their position as independent genera. A domain 
(positions 85-1416 of the Aquiflexum balticum sequence, corresponding to a domain sequenced for every species) was chosen for phylogenetic anal- 
ysis. Parsimony and maximumdikelihood (G option) were performed using programs from the PHYLIP package. For neighborjoining, distances 
were calculated with DNADIST (from PHYLIP) and the Kimura 2 parameters correction. A tree was generated using the BioNJ algorithm (Gascuel, 
1997). Bootstrap analysis (1000 replications) was performed using the NJ algorithm as described previously. The topology of the tree is based on 
NJ analysis, with the results of the other analyses reported on the figure: *, for a branch also found by maximum-likelihood; +, for a branch also 


found by parsimony; %, indicates % of bootstrap. 
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TABLE 108. Differential features of Belliella baltica and Aquiflexum balticum*” 


Characteristic Belliella baltica Aquiflexum balticum 


Color Pink/orange Red 
DNA G+C content (mol%) 35.4 38.4 
Optimum NaCl concentration (96) 0-3.4 1-2 
Growth at 40°C _ + 
Temperature optimum (°C) 20-30 30-35 
Growth at pH 10 w = 
Gelatin hydrolysis x * 
Acid production from:* 

L-Arabinose t - 

D-Xylose * 

p-Mannose 


Rhamnose _ 
a-Methyl-p-mannoside = 
a-Methyl-p-glucoside = 
N-Acetylglucosamine - 
Amygdalin = 
Melezitose - 
Xylitol = 
Dp-Turanose - 
L-Fucose _ 
5-Ketogluconate = 
Assimilation of: 
Mannose _ 
N-Acetylglucosamine = 
Gluconate _ 
Utilization of:* 
D-Mannose _ 
B-Methyl-p-glucoside = 
D-Psicose - 
D-Sorbitol _ 
Monomethylsuccinate - 
a-Ketobutyric acid + 
a-Ketovaleric acid + _ 
L-Glutamic acid + 
Cellular fatty acids:* 
Cigo 2.94 _ 
Cz anteiso 4.53 18.53 
C, @6c 2.07 - 
C. 08c 1.19 - 


z 2323343434343424 + z 


+ + + 


z z z z z 


M 
C,,,, anteiso o9c 


“Symbols: +, positive; -, negative; w, weak reaction. 
"Data from Brettar et al. (20042, b). 

“Using the API50CHE system. 

"Using the API 20NE system. 

“Using the BIOLOG GN? system. 


"Values represent percent of the total fatty acids. 


differences are the higher abundance of C,., anteiso for Aqui- Acknowledgements 
flexum balticum, and the occurrence or absence or absence of 


four fatty acids (Table 108). We are grateful to H. Kuosa and the crew of the Finnish RV 


Aranda for their assistance with sampling and seawater analysis 
Taxonomic comments of the Baltic Sea. 


The genus Belliella belongs to the family Cyclobacteriaceae 
of the class Cytophagia. The phylogenetic affiliation. within 
the family is reflected by the phylogenetic tree (Figure 78). 


List of species of the genus Belliella 


1. Belliella baltica Brettar, Christen and Hófle 2004a, 69Y* The characteristics are as given for the genus with the fol- 
lowing additional information. The cells are 0.3-0.5 x 0.9-3.0 
um. Colonies are circular, smooth, convex, and entire; they 
are pink and transparent when young but become orange 


bal'ti.ca. N. L. fem. adj. baltica of or belonging to the Baltic 
Sea (the source of the type strain). 


GENUS V. ECHINICOLA 


and opaque with ongoing incubation (>2 weeks, 20°C, on 1⁄x 
Marine agar). The temperature range is 4—37°C; optimum, 
around 25°C. NaCl is not needed for growth; growth occurs a 
t salinities up to 6% NaCl; optimum, 0-3%. The pH range is 
7-10; optimum, around pH 7. Growth occurs on 0.5% yeast 
extract. Esculin, starch, and DNA are hydrolyzed. Indole 
is not produced. Tyrosine, cellulose, and chitin are not 
degraded. Growth does not occur on media with casein and 
pectin. Acid is produced (using the API 50CHE system) from 
L-arabinose, D-xylose, galactose, D-glucose, D-fructose, escu- 
lin, salicin, cellobiose, maltose, lactose, melibiose, sucrose, 
trehalose, p-raffinose, and starch. The following enzymic 
activities occur (using the API 20NE and API ZYM systems): 
a- and f-glucosidase; p-galactosidase; acid and alkaline 
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phosphatase; lipase (C8); leucine-, valine-, and cystine-arylam- 
idase; trypsin, chymotrypsin, and naphthol-phosphohydro- 
lase. The following substrates are assimilated (using the API 
20NE system): glucose, arabinose, and maltose. The follow- 
ing substrates are utilized (using the Biolog GN2 system): 
D-galactose, gentobiose, o-p-glucose, a-D-lactose, lactulose, 
maltose, D-trehalose, acetic acid, o-ketobutyric/glutaric/ 
valeric-acid, and r-glutamic acid. All other tests using the API 
20CHE, API ZYM, API 20NE, and Biolog GN? test systems 
were negative. 

Source: marine or estuarine. 

DNA G+C content (mol96): 35.3-35.5 (HPLC). 

Type strain: BA134, CIP 108006, DSM 15883, LMG 21964. 

Sequence accession no. (16S rRNA gene): AJ564645. 


Genus V. Echinicola Nedashkovskaya, Kim, Vancanneyt, Lysenko, Shin, Park, Lee, Jung, Kalinovskaya, 
Mikhailov, Bae and Swings 2006, 955`” 


OLGA |. NEDASHKOVSKAYA AND SEUNG Bum Kim 


E.chi.ni.co'la. L. masc. n. echinus -i a sea urchin; L. suff. -cola derived from L. masc. or fem. n. incola a 


dweller; N.L. fem. n. Echinicola a sea-urchin dweller. 


Rods usually measuring 0.3-0.5 x 1.1-2.3 um. Motile by gliding. 
Produce non-diffusible carotenoid pigments. No flexirubin- 
type pigments are formed. Chemo-organotrophs. Aerobic. Can 
ferment D-glucose. Oxidase-, catalase-, alkaline phosphatase-, 
and f-galactosidase-positive. Starch is hydrolyzed. Casein, urea, 
chitin, and cellulose (CM-cellulose and filter paper) are not 
decomposed, but agar, gelatin, and Tweens may be decom- 
posed. Carbohydrates are utilized. Can grow without seawater 
or sodium ions. Nitrate is not reduced to nitrite. Indole is not 
produced. The major respiratory quinone is MK-7. 

DNA G+C content (mol % ): 44—s. 

Type species: Echinicola pacifica Nedashkovskaya, Kim, Vancan- 
neyt, Lysenko, Shin, Park, Lee, Jung, Kalinovskaya, Mikhailov, 
Bae and Swings 2006, 955%". 


Further descriptive information 


The main cellular fatty acids are straight-chain unsaturated and 
branched-chain unsaturated fatty acids C; iso, C,,, @5¢, C,, 
iso 3-OH, C, iso 9c, C, w6c, C} iso 3-OH, summed feature 
3 comprising C; iso 2-OH and C,,, @7cor both (Table 109). 

On Marine agar (Difco), strains of the genus Echinicola form 
regular, circular, convex, shiny, smooth, and pink colonies with 
entire edges and a diameter of 2-3 mm after cultivation for 48 h. 

All strains grow at 6-41°C and with 0-12% NaCl. The Echini- 
cola strains do not form acid from melibiose, raffinose, sorbose, 
glycerol, adonitol, dulcitol, inositol, or mannitol. They utilize 
arabinose, glucose, lactose, mannose, and sucrose, but not myo- 
inositol, mannitol, or sorbitol. The strains are susceptible to 
lincomycin and resistant to ampicillin, benzylpenicillin, gentami- 
cin, kanamycin, neomycin, polymyxin B, streptomycin, and tet- 
racycline. 

Strains of the genus Echinicola were isolated from sea ani- 
mals and from seawater samples collected in the temperate and 
tropic latitudes. 


17:0 


Enrichment and isolation procedures 


Strains of Echinicola pacifica were isolated from a sea urchin, 
Strongylocentrorus intermedius, using the dilution plating 
technique on Marine agar 2216 (Nedashkovskaya et al., 2006). 
A single strain Echinicola vietnamensis, KMM 62217, was isolated 
from seawater by direct plating on a medium containing (in g/l 
of a 1:1 mixture of natural seawater and distilled water): Bacto 
peptone (Difco), 5.0; casein hydrolysate (Merck), 2.0; Bacto 
yeast extract (Difco), 2.0; glucose, 1.0; KH,PO,, 0.2; MgSO,, 
0.05; Bacto agar (Difco), 15.0. All isolates have been grown on 
media containing 0.5% of a peptone and 0.1-0.2% yeast extract 
(Difco) (Nedashkovskaya et al., 20072). 


Maintenance procedures 


Echinicola strains remain viable for several weeks on Marine agar 
or other rich media based on natural or artificial seawater. They 
have survived storage —80°C for at least 5 years in Marine broth 
or artificial seawater supplemented with 2046 glycerol (v/v). 


Differentiation of the genus Echinicola from other genera 


The genus Echinicola differ from its closest phylogenetic rela- 
tives, the genera Algoriphagus, Belliella, and Cyclobacterium by 
its gliding motility and by its ability to grow in the presence of 
15% NaCl (Table 110). The absence of nitrate reductase and a 
higher mol% G+C content of its DNA (44—46 vs 35.4) separate 
members of the genus Echinicola from their nearest neighbor, 
Belliella baltica. Differences in fatty acid composition may also 
be helpful for discrimination of the Echinicola strains from their 
closest relatives (Table 109). 


Taxonomic comments 


Phylogenetic analysis of almostcomplete 16S rRNA gene 
sequences of the genus Echinicola indicates that its closest 
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FAMILY Il. CYCLOBACTERIACEAE 


TABLE 109. Cellular fatty acid compositions (76) of the genus Echinicola and related genera 


of the phylum Bacteroidetes” 


Fatty acid Echinicola Algoriphagus Belliella Cyclobacterium 
Cio iso — 0-2.2 - - 
Co anteiso - 0-2.6 - - 

i AT 0-0.2 _ 0-1.4 _ 
C, iso 0.1-0.2 0-2.3 1.8-2.2 0-2.1 
C,,, iso 0-0.6 0-6.8 10.0-10.3 3.2-8.5 
C, iso 17.3-20.0 16.6-38.9 18.9-20.4 22.2-28.3 
Cso anteiso 1.4-2.8 0.8-6.4 4.2-4.8 6.3-9.2 
Ciso 0.8-1.5 0.3-3.0 2.0-3.9 0-0.8 

Ziz 06€ 1.1-1.2 0-4.1 1.6-2.5 0.5-1.3 
C,,,05c 4.9-7.8 0-5.8 2.0-4.6 0-3.6 
Cu iso 0.3-1.0 0.6-10.9 3.2-3.8 - 
Ciso iso 0.9-1.2 0.3-20.7 2.5-2.8 - 

C so 0.6-0.9 0-3.2 - 0.5-4.9 
C, iso 3-OH 3.4—5.0 1.6-5.1 2.1-2.3 1.1-3.7 
C,,, OH 2.5-2.6 _ _ _ 
Ciz iso 0.7-1.0 0-0.8 0-0.5 - 
Cz Cyclo = 0-2.4 =: - 
C; iso 9c 4.4—6.9 1.5-14.6 6.6-10.2 4.3-10.3 
C,,, anteiso 9c - 0-1.6 - - 

2,4 98€ 0.4 0.4—0.9 0.9-1.5 - 

2,4, 96€ 4.3-4.8 0.5-4.5 4.8-9.8 1.3-1.4 
Cis iso 3-OH 0.4—0.7 0-4.7 1.8-2.1 0-1.0 
Ciso OH 0.9-2.3 0-1.9 0-1.1 1.3-1.7 
C, iso 3-OH 9.4-10.0 4.9-10.7 3.0-3.3 8.0-10.7 
Ciz 2-OH 0.4 0-2.2 - 1.5-2.9 
C, 07€ 0.7-0.8 - - 0-3.0 

Sig 05€ 0.2 0.5-0.7 - 1.2-1.4 

Jig, H - 0-1.6 - - 
Ciso _ _ _ 0-1.3 
Cg. iso 0-0.7 0-1.3 0.8-1.6 - 
Summed feature 3 30.7—34.5 6.0-33.7 7.1-11.5 16.2-25.1 
Summed feature 4 0-5.0 0-4.9 3.4-4.0 2.5-4.4 


“Values of less than 1% for all strains are not shown. The percentages of predominant fatty acids are 
shown in bold. Summed features consist of one or more fatty acids that could not be separated by the 
Microbial Identification System. Summed feature 3 is C., iso 2-OH and/or C,,, 07c, summed feature 4 


is C,,, iso I and C, anteiso B. 


"Data are taken from Ahmed et al. (2007), Brettar et al. (20042), Nedashkovskaya et al. (2004, 2005, 2006, 
2007a, b), and Ying et al. (2006). 


TABLE 110. Phenotypic characteristics that differentiate the genus Echinicola from its close relatives in the family Cyclobacteriaceae*” 


Characteristic Echinicola Algoriphagus Belliella Cyclobacterium 
Cell morphology: 
Regular rods + + + = 
Curved, ring-like, or horseshoe-shaped = = = + 


Cell size (um) 
Gliding motility 
Nitrate reduction 
Salinity range (%) 
Growth at 40°C 
Hydrolysis of starch 
DNA G+C content (mol%) 


0.3-0.5 x 1.1-2.3 


"° _ 
_ D 
0-15 0-10 
+ D 
+ D 
44—46 35-49 


+ 
0-6 
+ 
35.4 


0.3-0.7 x 0.3—-10.0 0.3-0.5 x 0.9-3.0 0.3-0.7 x 0.8-1.5 


“Symbols: +, >85% positive; —, 0-15% positive; D, different reactions occur in different taxa (species of a genus). 


"Data are taken from Ahmed et al. (2007), Bowman et al. (2003), Brettar et al. (2004a), Nedashkovskaya et al. (2004, 2005, 2006, 20072, b), Raj and 


Maloy (1990), Tiago et al. (2006a), Van Trappen et al. (2004), Yi and Chun (2004), Ying et al. (2006), and Yoon et al. (2004, 2005a, b, 2006). 
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TABLE 111. Differential phenotypic characteristics of species of the genus Echinicola^^ 


Characteristic E. vietnamensis KMM 62217 E. pacifica (n = 3) 

Fermentation of D-glucose x + 

Production of H.S - + 

Growth with 15% NaCl + - 

Growth at 44°C + 

Hydrolysis of agar, gelatin, and Tween 40 = + 

Acid production from L-arabinose, D-cellobiose, D-glucose, = + 
D-lactose, D-maltose, D-mannose, L-rhamnose, and DL-xylose 

Susceptibility to carbenicillin, chloramphenicol, doxycycline, + = 
erythromycin, and oleandomycin 

DNA G+C content (mol%) 45.9 44-45 


“Symbols: +, >85% positive; —, 0-15% positive; n, a number of the strains studied. 


"Data are from Nedashkovskaya et al. (2006, 2007a). 


relatives are the genera Belliella, Algoriphagus, and Cyclobacterium, 
with sequence similarity values of 91.7-92.1, 88.8-92.4, and 
89.5-91.5%, respectively. A level of 16S rRNA gene sequence 
similarity between the two species of the genus, Echinicola paci- 
fica and Echinicola vietnamensis, is 94.795.096. The 16S rRNA 
gene sequence similarity between the type strain Echinicola 
pacifica KMM 6172" and reference strains KMM 6166 and KMM 


6173 ranges from 99.4 to 99.9%. The DNA-DNA hybridization 
values between these strains vary from 93 to 98%. 
Differentiation of the species of the genus Echinicola 


The strains of the two species of the genus Echinicola have many sim- 
ilar phenotypic features. However, they can be differentiated from 
each other by the several phenotypic traits shown in Table 111. 


List of species of the genus Echinicola 


1. Echinicola pacifica Nedashkovskaya, Kim, Vancanneyt, 
Lysenko, Shin, Park, Lee, Jung, Kalinovskaya, Mikhailov, Bae 
and Swings 2006, 955V* 


pa.ci'fi.ca. L. fem. adj. pacifica pacific, and by extension refer- 
ring to the Pacific Ocean, from which the type strain was 
isolated. 


Cells are 0.3-0.4 um in width and 1.2-1.9 um in length. 
On Marine agar, colonies are sunken into the agar. Growth 
occurs at 6-41*C and with 0-12% NaCl. The optimal tem- 
perature for growth 25—28°C. Decomposes gelatin (weakly) 
and esculin. Hydrolysis of Tweens 20 and 80 is strain-depen- 
dent. DNA is not hydrolyzed. Produces acid from N-acetylg- 
lucosamine. Can oxidize D-galactose and p-sucrose. Does not 
form acid from r-fucose. According to the API 20E gallery 
(bioMérieux), strain KMM 6172? utilizes citrate, forms acid 
from amygdalin, and is negative for arginine dihydrolase, 
lysine decarboxylase, and ornithine decarboxylase. Results 
of Biolog GN2 (Biolog) testing show that strain KMM 6172" 
utilizes o-cyclodextrin, dextrin, glycogen, o-p-glucose, 
D-fructose, L-fucose, D-galactose, gentiobiose, a-lactose, 
a-p-lactose, lactulose, p-melibiose, methyl f-p-glucoside, 
psicose, D-raffinose, p-trehalose, turanose, D-galacturonic 
acid, p-glucuronic acid, o-ketobutyric acid, alaninamide, 
L-alanine, r-alanylglycine, L-asparagine, L-aspartic acid, 
L-glutamic acid, hydroxy-L-proline and r-threonine. The fol- 
lowing compounds are not utilized: Tween 80, Macetyl-p- 
galactosamine, adonitol, L-arabitol, i-erythritol, myo-inositol, 
p-mannitol, p-sorbitol, xylitol, methyl pyruvate, monomethyl 
succinate, acetic acid, cis-aconitic acid, citric acid, formic 
acid, p-galactonic acid, D-gluconic acid, p-glucosaminic acid, 


a-, B-, and y-hydroxybutyric acids, »hydroxyphenylacetic 
acid, itaconic acid, o-ketoglutaric acid, a-ketovaleric acid, 
DL-lactic acid, malonic acid, propionic acid, quinic acid, 
p-saccharic acid, sebacic acid, succinic acid, bromosuccinic 
acid, succinamic acid, glucuronamide, p-alanine, glycyl-L- 
aspartic acid, glycyl-L-glutamic acid, r-histidine, r-leucine, 
L-ornithine, L-phenylalanine, L-proline, L-pyroglytamic 
acid, D-serine, L-serine, DL-carnitine, y-aminobutyric acid, 
urocanic acid, inosine, uridine, thymidine, phenyleth- 
ylamine, putrescine, 2-aminoethanol, 2,3-butanediol, glyc- 
erol, DL-o-glycerol phosphate, glucose l-phosphate, and 
glucose-6-phosphate. H,S is produced. Indole and acetoin 
(Voges—Proskauer reaction) are not produced. According to 
API ZYM gallery (bioMérieux), the following enzyme activi- 
ties are present: a-galactosidase, acid phosphatase, esterase 
(C4), esterase lipase (C8), leucine arylamidase, valine 
arylamidase, cystine arylamidase, trypsin, o-chymotrypsin, 
naphthol-AS-BI-phosphohydrolase, a- and f-glucosidases, 
Nacetyl-B-glucosaminidase, o-mannosidase, and a-fucosi- 
dase. Lipase (C14) and B-glucuronidase are not present. The 
predominant fatty acids are C,., iso (17.3-18.0%), Cię @5¢ 
(6.7-7.8%), C,,, iso @9¢ (6.3-6.9%), Cı @6c (4.3-4.8%), 
Ciso iso 9-OH (3.4-5.0%), C iso 3-OH (9.4-10.076) and 
summed feature 3 (30.7-30.8%), comprising Ce, @7c and/ 
or C; iso 2-OH (Table 109). 

Source: sea urchin Strongylocentrotus intermedius collected in 
Troitsa Bay, Gulf of Peter the Great, the East Sea (also known 
as the Japan Sea). 

DNA G+C content (mol % ): 44—45 (T. ). 

Type strain: KMM 6172, KCTC 12368, LMG 23350. 

Sequence accession no. (16S rRNA gene): DQ185611. 
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2. Echinicola vietnamensis Nedashkovskaya, Kim, Hoste, Shin, 
Beleneva, Vancanneyt and Mikhailov 2007a, 763" 


vi.et.nam.en'sis. N. L. fem. adj. vietnamensis of or belonging 
to Vietnam, the country of origin of the type strain. 


Cells are 0.4—0.5 x 1.1-2.3 um. Colonies are light pink on 
Marine agar. Growth occurs at 6-44°C and with 0-15% NaCl. 
The optimal temperature for growth is 30-32°C. Tweens 
20 and 80 are not hydrolyzed. Acid is not produced from 
D-fructose, p-galactose, D-sucrose, or Macetylglucosamine. 
The fatty acids accounting for more than 1% of the total 


FAMILY Il. CYCLOBACTERIACEAE 


are C; anteiso (1.4%), C,., iso (20.076), C,,, 6c (1.2%), 
Ciso (1.5%), C,,, 5c (4.9%), Cp iso 9c (4.4%), Czo iso 
(1.0%), C,,, @6c (4.5%), Ci; iso 3-OH (3.7%), Ciso 3-OH 


15:0 16:0 


(2.3%), Ciz iso 3-OH (10.0%), summed feature 3 (34.5%), 
comprising C,,, @7c and/or C,., iso 2-OH and summed fea- 
ture 4 (5%), comprising C... iso I and/or C,,, anteiso B. 

Source: seawater collected in a mussel farm located in a 
lagoon of Nha Trang Bay, South China Sea, Vietnam. 

DNA G+C content (mol % ): 45.9 (T). 

Type strain: KMM 6221, DSM 17526, LMG 23754. 

Sequence accession no. (16S rRNA gene): AM406795. 


Genus XV. Rhodonellum Schmidt, Priemé and Stougaard 2006, 2891V* 


THE EpiroRIAL BOARD 


Rho.do.nell.um. Gr. neut. n. rhodon a rose; L. neut. dim. ending -ellum; N.L. dim. neut. n. Rhodonellum a 


small rose, referring to the red color of the colonies. 


Rods 0.7-1.0 x 0.8-3.0 um. Gram-stain-negative. Oxidase-nega- 
tive. Catalase-positive. Aerobic. Chemoheterotrophic. Colonies 
are pink to red due to carotenoids. Temperature range, 0—22^C; 
optimum, ca. 5°C. pH range, 7.5-10.7 when grown at 5-10*C. 
NaCl range for growth, 0-390; optimum, 0.6%. Predominant 
fatty acids are C,,, iso 9c, C; iso 3-OH (12.5-18.576), and 
summed feature 3. Cells contain red pigment in the form of 
carotenoids. Optimal growth occurs above pH 9. NaCl is not 
required for growth, but growth is enhanced by the presence 
of up to 0.6% NaCl. 

DNA G+C content (mol % ): 44.2. 

Type species: Rhodonellum psychrophilum Schmidt, Priemé 
and Stougaard 2006, 2891%. 


Further descriptive information 


Predominant fatty acids of Rhodonellum psychrophilum are C; 
iso G (6.3%), C., iso (7.6%), C,,, iso H (7.3%), C., iso @9c 
(17.5%), C,,., @6c (6.8%), C,,,, iso 3-OH (17.5%), and summed 
feature 3, comprising C,,, @7¢ and/or C,., iso 2-OH (12.6%), 
and summed feature 4, comprising C,,, 2-OH and/or C; iso 
2-OH (6.5%), which could not be distinguished by the method 
used (Schmidt et al., 2006). 


Enrichment and isolation procedures 


Rhodonellum psychrophilum was isolated from submarine ikaite 
tufa columns collected from the Ikka Fjord, southwest Green- 
land (Schmidt et al., 2006). The columns were conserved in 
15% glycerol and kept at -20*C. Isolation was achieved on agar 
plates containing 0.1x R2A medium (Difco). 


Differentiation of the genus Rhodonellum 
from other genera 


Rhodonellum psychrophilum can be differentiated from Belliellia 
baltica by its pH range for growth (7.5-10.7 vs 6-10), negative 
oxidase reaction, temperature range of 0-22^C vs 4-37?C, an 
optimum temperature of 5°C vs 25-30°C, and a higher mol% 
G+C of the DNA (43.1 vs 35). 


Taxonomic comments 


Schmidt et al. (2006) reported that, based on 16S rRNA gene 
sequence analysis, the type strain of Rhodonellum psychrophilum, 
together with five related isolates from ikaite columns, formed 
a separate cluster with 86-93% gene sequence similarity to their 
closest relative, Belliella baltica. 


List of species of the genus Hhodonellum 


1. Rhodonellum psychrophilum Schmidt, Priemé and Stou- 
gaard 2006, 2891” 


psy.chro'phi.lum. Gr. adj. psychros cold; N.L. neut. adj. philum 
(from Gr. neut. adj. philon), friend, loving; N.L. neut. adj. 
psychrophilum cold-loving. 


The characteristics are as described for the genus, with the 
following additional features. Colonies are smooth, circular, 
and red due to the presence of carotenoids when grown 
under low light intensity. Colonies are white to light red 
when grown at a light intensity of 20-40 uE/m?/s. Growth 
occurs from pH 7.5 to above pH 10.7, with an optimum at 
pH 9.2-10.0. At optimal growth temperature, the range of 


tolerated pH is largest, whereas at, below, and above the opti- 
mal growth temperature, a narrower pH range is tolerated. 
NaCl is not required for growth, but up to 396 (w/v) NaCl is 
tolerated. Optimal growth occurs around 0.6% (w/v) NaCl. 
Strains can use a wide spectrum of carbon sources such as 
galactose, glycerol, lactose, maltose, mannose, sorbitol, and 
starch. 

Source: the permanently alkaline and cold ikaite columns 
in the Ikka Fjord in southwest Greenland. 

DNA G+C content (mol96): 44.2 (HPLC). 

Type strain: GCM71, DSM 17998, LMG 23454. 

Sequence accession no. (16S rRNA gene): DQ112660. 
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FAMILY Ill. FLAMMEOVIRGACEAE 


Family Ill. Flammeovirgaceae fam. nov. 


Otaa |. NEDASHKOVSKAYA AND WOLFGANG LUDWIG 


Flam.me.o.vir.ga'ce.a.e. N.L. fem. n. Flammeovirga type genus of the family; suff. -aceae ending 
to denote a family; N.L. fem. pl. n. Flammeovirgaceae the Flammeovirga family. 


Cells are straight, flexible or curved rods, that are 0.2—-1.0x1.5— 
100 um or longer. Gram-stain-negative. Chemo-organotrophs. 
Nonsporeforming. Nonflagellated and nonmotile in liquid 
media, but most of them move by gliding on solid substrates. 
Cells of one species can form sheathed filaments. Colonies are 
pink, red, orange or apricot in color. Colonies of the majority 
of strains are characterized by a spreading growth and some 
of them produce gelase fields and form deep craters in agar 
plates. 

Strains of the majority species are strictly aerobic, but strains 
of one genus are characterized as facultatively anaerobic organ- 
isms. Optimal grown temperature is 20—33* C. Carbohydrates are 
oxidized. Two species ferment glucose. Most strains require sea- 
water or NaCl for growth. All strains are alkaline phosphatase- 
positive and arginine dihydrolase-, lysine decarboxylase-, and 
ornithine decarboxylase-negative. The most strains produce 
oxidase and catalase. Only one species produces flexirubin type 
pigments. The majority of the strains cannot produce acetoin, 
hydrogen sulfide or indole. Nitrate may be reduced to nitrite. 
Most species hydrolyze esculin, gelatin, and DNA. Agar, casein, 
starch, carboxymethylcellulose and Tweens may be decom- 
posed, but crystalline cellulose is not. 

Menaquinone 7 is a major or single respiratory quinone. Pre- 
dominant fatty acids are C,., iso, C,., iso, C., iso 3-OH and 
C z iso 2-OH and/or C,., @ 7c. The main polyamines for the 
majority species are spermidine or homospermidine. The most 
strains produced carotenoid pigment saproxanthin. All species 
occur in different marine environments including sea water, 
marine sediments, seaweeds, or marine animals, one of them 
was isolated from marine aquarium outflow. 

DNA G+C content (mol % ): 31—45. 

Type genus: Flammeovirga Nakagawa, Hamana, Sakane and 
Yamasato 1997, 221‘? emend. Takahashi, Suzuki and Nakagawa 
2006, 2097". 


Taxonomic comments 


Family Flammeovirgaceae comprises the recognized genera 
Flammeovirga, Fabibacter, Flexithrix, Marinoscillum, Perexilibacter, 
Persicobacter, Rapidithrix, Reichenbachiella, and  Roseivirga, and 
generically misclassified species [Flexibacter] litoralis, [Flexi- 
bacter| polymorphus, [Flexibacter] roseolus, " Microscilla sericea”, and 
“Microscilla tractuosa’, which are phylogenetically distant from 
the type species of their genera. In the last two decades the 


strains currently affiliated with the family Flammeovirgaceae have 
been subjected to intensive taxonomic investigation by using 
a polyphasic approach and, especially, a phylogenetic analysis 
based on comparison of 16S rRNA gene sequences (Nakagawa 
et al., 2002). The species described as [Cytophaga] aprica and 
[ Cytophaga] diffluens by Reichenbach (1989a) in the previous 
edition of Bergey’s Manual of Systematic Bacteriology, were placed 
in the novel genera Flammeovirga and Persicobacter, respectively 
(Nakagawa et al., 1997). Later, Takahashi et al. (2006) emended 
the description of the genus Flammeovirga to include misclassi- 
fied species * Microscilla arenaria” and the novel species Flammeo- 
virga yaeyamensis, Flammeovirga kamogawensis was subsequently 
described by Hosoya and Yokota (20072). A species with an 
uncertain taxonomic position, “[Flexibacter] aggregans” (Lewin, 
1969) Leadbetter 1974, was reclassified as a later heterotypic 
synonym of Flexithrix dorotheae Lewin 1970 because of the very 
close phylogenetic relationship between them (Hosoya and 
Yokota, 2007b). In order to accommodate the single and type 
strain of species " Microscilla furvescens" and a representative of 
a novel species, the genus Marinoscillum was created (Seo et al., 
2009). Recently a precise taxonomic position of the misclassi- 
fied species “Microscilla sericea” and “Microscilla tractuosa? was 
determined, and it was proposed to reclassify them in the novel 
genus " Marivirga" as two distinct species (Nedashkovskaya et al., 
2009). 

In addition, the single and type strain of Fabibacter halotolerans 
forms a coherent phylogenetic cluster with species of the other 
member of the family, the genus Roseivirga. They share many 
phenotypic features in common and, perhaps, will be joined to 
the single genus. 

From a view of the heterogeneity of the family llammeovir- 
gaceae, it should be noted that the representatives of all recog- 
nized and newly proposed genera such as Flexithrix, Perexilibacter, 
Persicobacter, Rapidithrix, Roseivirga, and generically misclassified 
species [Flexibacter] litoralis, | Flexibacter| polymorphus and [Flexi- 
bacter| roseolus can be considered as members of novel families 
in future. 

Differential characteristics of the genera of Flammeovirgaceae 
are given in Table 112. Please note that Marinoscillum (Seo et al., 
2009), “Marivirga” (Nedashkovskaya et al., 2009), Perexilibacter 
(Yoon et al., 2007), and Rapidithrix (Srisukchayakul et al., 20077) 
were proposed after the valid publication deadline for this vol- 
ume and are not described in greater detail than given here. 


Genus |. Flammeovirga Nakagawa, Hamana, Sakane and Yamasato 1997, 221"? emend. Takahashi, Suzuki 
and Nakagawa 2006, 2097"? 


YAsUYOSHI NAKAGAWA 


Flam.me.o.vir'ga. L. adj. flammeus fire-colored; L. fem. n. virga rod; N.L. fem. n. Flammeovirga fire-colored rod. 


Rods 0.4-0.9 um wide and 1.7-96 um long or longer. Motile by 
gliding. Nonsporeforming. Gram-stain-negative. Aerobic, hav- 
ing a strictly respiratory type of metabolism with oxygen as the 


terminal electron acceptor. Chemo-organotrophic. Colonies 
spread and produce large gelase fields and deep craters in agar 
plates. Cell mass is orange to reddish orange. Saproxanthin is 


GENUS I. FLAMMEOVIRGA 


present as the major carotenoid pigment. Flexirubin-type pig- 
ments are absent. Oxidase and catalase activities differ among 
species. Marine organisms. Seawater is required for growth; 
NaCl alone can substitute. The optimum pH for growth is 7. 
Nitrate is reduced. Agar, alginic acid, esculin, and starch are 
degraded. The major respiratory quinone is MK-7. Predomi- 
nant cellular fatty acids are C, iso, C,,,, ©6,9,12,15¢, and C 
3-OH. 

DNA G+C content (mol % ): 31-36. 

Type species: Flammeovirga aprica (Reichenbach 1989b) 
Nakagawa, Hamana, Sakane and Yamasato 1997, 221’? emend. 
Takahashi, Suzuki and Nakagawa 2006, 2099V* [ Cytophaga aprica 
(ex Lewin 1969) Reichenbach 1989c, 495V*; Cytophaga diffluens 
var. aprica Lewin 1969, 197]. 
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Further descriptive information 


All species are negative for acid production from API 50CH 
system substrates including adonitol, b-arabinose, L-arabinose, 
p-arabitol, r-arabitol, dulcitol, erythritol, p-fucose, gluconate, 
glycerol, inositol, inulin, 2-ketogluconate, p-lyxose, methyl 
B-p-xyloside, p-tagatose, D-turanose, and r-xylose. All species 
are negative for the utilization of Biolog GN2 Microplate sys- 
tem substrates including Macetyl-p-galactosamine, cisaconitic 
acid, adonitol, p-alanine, y-aminobutyric acid, 2-aminoethanol, 
L-arabinose, D-arabitol, bromosuccinic acid, 2,3-butanediol, 
DL-carnitine, citric acid, i-erythritol, formic acid, D-fructose, 
p-galactonic acid lactone, D-galacturonic acid, p-gluconic acid, 
p-glucosaminic acid, glucuronamide, p-glucuronic acid, L-glu- 
tamic acid, glycerol, DL-a-glycerol phosphate, o-hydroxybutyric 
acid, B-hydroxybutyric acid, y-hydroxybutyric acid, hydroxy- 
L-proline, f-hydroxyphenylacetic acid, inosine, myo-inositol, 
itaconic acid, o-ketoglutaric acid, a-ketovaleric acid, L-leucine, 
malonic acid, p-mannitol, methyl-B-p-glucoside, methyl pyru- 
vate, L-phenylalanine, phenylethylamine, p-psicose, putrescine, 
L-pyroglutamic acid, quinic acid, p-raffinose, D-saccharic acid, 
sebacic acid, D-serine, D-sorbitol, succinamic acid, succinic acid, 
sucrose, Tween 40, Tween 80, turanose, and xylitol. 


Enrichment and isolation procedures 


No enrichment media have been designed for isolation of Flam- 
meovirga strains. Standard procedures to isolate marine bacteria 
can be applied. Colonies of Flammeovirga are usually orange to 
reddish orange and spread rapidly. 
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Flammeovirga strains have been isolated from marine 
environments at widely separated sites (Lewin, 1969; Nakagawa, 
2004; Takahashi et al., 2006). The type strain of Flammeovirga 
aprica came from Kailua, Hawaii. The type strain of Flammeo- 
virga arenaria was isolated from marine sand in Mexico. Strains 
of Flammeovirga yaeyamensis have been isolated from seaweeds, 
coastal sands, and dead leaves along the seashores of Iriomote 
and Ishigaki Islands (24° 20’ N 123° 45’ E and 24° 20' N 124^ 9' 
E, respectively). 


Maintenance procedures 


Cultures of Flammeovirga strains can be preserved by freezing at 
lower than —80°C. For freezing, cells are suspended in Marine 
broth 2216 (Difco) containing 10% glycerol or 7% DMSO. 
Flammeovirga strains are rather sensitive to drying; however, they 
can be preserved by the liquid drying method using a protec- 
tive medium such as SM2* or SM3t (Sakane et al., 1996), or by 
freeze drying. 


Differentiation of the genus Flammeovirga 
from other genera 


Characteristics differentiating the genus Flammeovirga from 
other mesophilic genera in the family Flammeovirgaceae are 
listed in Table 113. Presence of C, iso, C,,, 3-OH, and C, 
@6,9,12,15c as major fatty acids and saproxanthin (the major 
carotenoid) are useful characters to discriminate the genus 


Flammeovirga from other genera. 


Taxonomic comments 


The genus Flammeovirga was created by Nakagawa et al. (1997) 
to accommodate the misclassified species Cytophaga africa. 
Until 2006, the genus contained a single species, Flammeovirga 
aprica. However, Nakagawa et al. (2002) reported that “ Micros- 
cilla arenaria” Lewin 1969 was related to the genus Flammeovirga, 
and then Takahashi et al. (2006) reclassified it as Flammeovirga 
arenaria, with the proposal of a third species, Flammeovirga yaeya- 
mensis isolated from the Yaeyama Islands, Japan. These three 
species are clearly differentiated from each other by DNA-DNA 
hybridizations and phenotypic characteristics (Table 114). 


Differentiation of the species of the genus Flammeovirga 


Table 114 lists characteristics that distinguish the Flammeovirga 
species from one another. 


List of species of the genus Flammeovirga' 


l. Hammeovirga aprica (Reichenbach 1989b) Nakagawa, 
Hamana, Sakane and Yamasato 1997, 221VP emend. Taka- 
hashi, Suzuki and Nakagawa 2006, 2099V* [ Cytophaga aprica 
(ex Lewin 1969) Reichenbach 1989c, 495V*; Cytophaga difflu- 
ens var. aprica Lewin 1969, 197] 


a'pri.ca. L. fem. adj. aprica sunlit, sun-loving. 


The characteristics are as described for the genus and as 
listed in Table 113, with the following additional features. 
Cells are 0.5-0.9 um wide and 1.7-96 um long or longer. 
The cell mass is orange to reddish orange. Growth occurs at 
15-30*C; optimum, 25*C. The pH range for growth is 6-8; 
optimum, 7. Growth occurs in the presence of 1-5% NaCl; 
optimum, 3%. Oxidase- and catalase-positive. Urease-negative. 
Agar, alginic acid, carboxymethylcellulose, DNA, esculin and 


starch are degraded, but not cellulose, chitin, gelatin, inulin, 
Tween 80, or tyrosine. Casein is weakly degraded. H,S is pro- 
duced. Indole-negative. The oxidation/fermentation test for 
catabolism of glucose is fermentative. Utilization (with the 
Biolog GN2 microplate system) is positive for cellobiose, 
a-cyclodextrin, dextrin, L-fucose, D-galactose, gentiobiose, 


*SM2 consists of: monosodium glutamate monohydrate, 50 g; adonitol, 15g; p(—)- 
sorbitol, 10 g; artificial seawater, 750 ml; and distilled water, 250ml; pH 7.0. 

*SM3 consists of: monosodium glutamate monohydrate, 50 g; adonitol, 15g; p(-)- 
sorbitol, 10 g; L(—)-proline, 2g; 2% methyl cellulose [4000 centipoise (cps) ] solu- 
tion, 100 ml; artificial seawater, 900 ml; pH 7.0. 

t Flammeovirga kakegawaensis was published after completion of the manuscript. 
Refer to Hosoya S. and A. Yokota. 2007. Flammeovirga kamogawensis sp. nov., iso- 
lated from coastal seawater in Japan. Int. J. Syst. Evol. Microbiol. 57: 1327-1330. 


TABLE 112. Phenotypic characteristics differentiating members of the family Flammeovirgaceae*” 


Characteristic Flammeovirga Fabibacter Flexithrix Marinoscillum 


Source of isolation Rocky sand, Hawaii, USA; brown Sponge Tedania ignis, Marine silt, Kerala, Sand, Samoa; 


sand, Norse Beach Puerto Penasco Bahamas India; green-brown unidentified 
Sonora, Mexico; seaweed, sand, sand, Canoe Beach, sponge, Micronesia, 
dead leaves, Yaeyama Islands, Tema, Ghana Pacific Ocean 
Japan sea water, Kamogawa, Japan, 
Pacific Ocean 
Metabolism Fermentative/aerobic Aerobic Aerobic Aerobic 
Cell shape Flexible rods Curved rods Flexible rods Flexible rods 
Cell size (um) 0.4—1.0x1.7-96 or longer 0.5x1.5 2-100 0.2-0.5x10-100 or 
longer 
Sheathed filaments - - d - 
formation 
Colony pigmentation Orange-reddish orange Pink Yellow Orange or apricot 
Gliding motility + + + + 
Tryptophan deaminase - = = + 
Oxidase/catalase d/d +/+ +/+ +/+ 
B-Galactosidase d + + + 
Jarotenoid pigments Saproxanthin nd Zeaxanthin Saproxanthin 
Flexirubin type pigments = = = = 
production 
Nitrate reduction + _ _ _ 
Indole/acetoin production _ -/t -/- d/d 
Hydrogen sulfide d = - = 
production 
Temperature range 10-35 (25-30) 12-36 (28-30) 17-40 15-45 (33-33.5) 
for growth (°C) 
(optimum) 
pH range for growth 6.0-10.0 (7.0) 5.0-10.0 6.5-8.0 5.0-9.5 (7.5) 
(optimum) 
Salinity range for growth 1-5 (3) 0-12 2-5 0.5-12 
(% NaCl) (optimum) 
Mg* and Ca*' requirement = = = + 
Hydrolysis of: 
Esculin + + + + 
Agar + = = _ 
Alginic acid + nd _ + 
Casein d _ _ d 
Crystalline cellulose / -/d - -/+ -/+ 
carboxymethylcellulose 
Chitin - - - - 
Gelatin d - t d 
Starch + + - - 
DNA d + + d 
Tween 20 d + + nd 
Tween 40 d + + - 
Tween 80 d + + - 
Tyrosine nd d nd 
Urea - - _ 
Acid from carbohydrates + + + + 
Carbohydrates utilization + + + + 
Citrate utilization - - - 
DNA G+C content (mol%) 31-36 42.5 35.6 41-44 
Main fatty acids Gs.0 iso, Coo 06,9,12,15c, Giso iso, Giga iso, Giso Cia (5c, Cn iso, Ciso iso, Cei (5c, 


Polar lipids 


Main polyamines 


C,, iso $-OH 


nd 


iso 3-OH, C, iso 
3-OH, C; iso 3-OH, 
summed feature 3 
nd 


nd 


summed feature 3, C, 


iso 3-OH, C,,, 


nd 


Spermidine, agmatine 


Cz iso 3-OH, 
summed feature 3 


nd 


Homospermidine* 


*Symbols: +, >90% positive; d, different strains give different reactions (11-89% positive); —, 0-0% positive; w, weak reaction; nd, not determined. 


"Data from: Hamana and Nakagawa (2001), Hamana et al. (2008), Hosoya and Yokota (20072, b), Lau et al. (2006), Nakagawa et al. (1997), Nedashkovskaya et al. (2003), 


*Data for species Marinoscillum furvescens only. 


TABLE 112. (Continued) 
“Microscilla” 
“Microscilla” sericea tractuosa Perexilibacter Persicobacter Rapidithrix Reichenbachiella Roseivirga 
Marine aquarium Beach sand, Sediments, Black sandy mud, Seashell Sea water, Sea Green alga Ulva fenestrata, 
outflow, La Jolla, South China Palau, India materials, of Japan sea urchin Strongylocentrotus 
California Sea Pacific Andaman Sea intermedius, Sea of Japan; sea 
Ocean water, Yellow Sea; sponge 
Tedania ignis, Bahamas 
Aerobic Aerobic Aerobic Fermentative Aerobic Aerobic Aerobic 
Flexible rods Flexible rods Straight Flexible rods Flexible rods Flexible rods Straight rods 
rods 
0.4—0.5x10-100 or — 0.4—0.5x10-50 . 0.3-0.5x10- 0.5x4—30 0.7x20-100 0.5—0.7x5-15 0.2-0.5x2.0—4.0 
longer 20 
Orange Orange Orange Orange Olive-gray Orange Pink-orange 
* + + + + + d 
- = = - nd 5 = 
+/+ +/+ +/+ +/- +/- +/+ +/+ 
+ + i * = + d 
Saproxanthin Saproxanthin + Saproxanthin nd nd nd 
- - nd - nd t - 
- - - + nd - d 
x -/- =/= -/- nd -/nd -/d 
- d - - nd - - 
10-38 10-40 4—45 15-40 (25-30) nd (25-30) 4-35 (25-28) 4—44 (20-30) 
(30-37) 
nd nd 5-10 (7) nd 5-10 nd 5.0-10.0 (7-8) 
0.5-12 (4-6) 0.5-10 (4-7) 0-3.5 1-6 nd 1-6 0-16 (2-3) 
= = E z + = 2 
+ + + + + + d 
= a B + - " 2 
+ _ nd + nd + _ 
+ - nd - - - - 
-/- -/- nd -/* nd f -/- 
- - nd - nd - - 
* * * * * * * 
- - - * * * B 
+ + - + nd + d 
+ + nd nd + + d 
+ + nd nd nd _ d 
+ + nd nd + = d 
nd nd nd nd + _ 
_ - nd - nd - - 
+ + + + + + d 
+ + + + + + + 
= + = + + = d 
36.1 36-37 43 40-42 40-43 44.5 40-44 
G... iso, G... iso, G... iso, Ciso Cio iso, C up iso, Ging iso C36 Ciso Summed Giza iso, Cito iso, Ciro iso 
Cz iso 3-OH, iso, C,,,, iso Ga 76 FOH; G. Ciso iso, C,_,, iso feature 3, 3-OH, C,,, iso 3-OH, Czo 
Cisi iso 3-OH and 3-OH and Cira Gs: 56 iso, Cu iso 3-OH, 3-OH, Cao iso C56 [om ð iso 3-OH 
summed feature 3 C,,,, 06, 9,12,15c, 3-OH 
nd nd nd nd nd nd Phosphatidylethanolamine, 
diphosphatidylglycerol, 
unidentified phospholipids, 
ninhydrin-positive lipid 
Homospermidine, nd Spermidine Spermidine Spermidine Spermidine Spermidine 
agmatine 


Nedashkovskaya et al. (2005a-c, 2008, 2009), Reichenbach (19892), Seo et al. (2009), Srisukchayakul et al. (2007), Takahashi et al. (2006), and Yoon et al. (2007). 
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FAMILY Ill. FLAMMEOVIRGACEAE 


TABLE 113. Characteristics that differentiate the mesophilic genera belonging to Flammeovirgaceae’ 


Characteristic 


Flammeovirga 


Flexithrix* 


Persicobacter* 


Color of cell mass 


Orange to reddish orange 


Golden yellow to yellow 


Orange to pink 


Aerobic t + +or- 
Facultatively anaerobic = = + 
Oxidase activity v + = 

Jatalase activity v + +orw 
Urease activity nd wor- - 
Nitrate reduction + _ + 
H,S production + = = 
DNA G+C content (mol%) 31-36 35-37 42-44 
Major fatty acids ( 96)? 

Czo iso 30-54 22-28 47-56 
Ziso OH 8-12 0-1 3-7 
Zie] OE 2-9 39-44 1-5 

C; iso 3-OH 0-3 0-2 6-17 

C,,,, 06,9,12,15¢ 8-25 0 2-7 

Major carotenoids: 
Saproxanthin + = + 
Zeaxanthin _ + _ 
"Symbols: +, >85% positive; —, 0-15% positive; w, weak reaction; nd, not determined. 
"Data from Takahashi et al. (2006). 
‘Unpublished data. 
“Percentage of total fatty acids. 
TABLE 114. Characteristics differentiating the species of the genus Flammeovirga *^ 
8 
S S A 
Characteristic = = = 
Growth at 10°C + _ 
Growth at 35°C - - + 
Optimum temperature (°C) 25 25 30 
Growth at pH 10 = + 
Hydrolysis of: 
Carboxymethylcellulose, DNA + - + 
Casein w w 
Gelatin, inulin, Tween 80 _ + 
Oxidase + _ +orw 
Catalase + _ d 
O-F test (glucose): 
Fermentation + _ + 
Oxidation _ + _ 
Assimilation of: 
N-acetyl-b-glucosamine, p-melibiose = + + 
L-Alanyl glycine, L-ornithine, L-threonine i w +orw 
Glucose 6-phosphate w + = 
Glucose l-phosphate + + - 
Monomethyl succinate w - - 
L-Rhamnose, urocanic acid - E + 
Acid production from: 
Arbutin, melibiose _ + + 
Mannitol, melezitose, sorbitol _ w _ 
Methyl o-p-glucoside = w w 
Raffinose, xylitol - w +orw 
Rhamnose _ _ + 
Ribose w w = 
p-Xylose * i * 
DNA G+C content (mol%) 34.2 31.8 33.4-35.7 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% 


positive; w, weak reaction. 
"Data from Takahashi et al. (2006). 
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a-b-glucose, glucose l-phosphate, glucose 6-phosphate, 
glycogen, glycyl-r-glutamic acid, pr-lactic acid, o-p-lactose, 
lactulose, maltose, D-mannose, monomethyl succinate, and 
p-trehalose, but negative for Nacetyl-b-glucosamine, L-alanyl 
glycine, p-melibiose, L-ornithine, L-rhamnose, L-threonine, 
and urocanic acid. Acid production (API 50CH system) is 
positive for Macetylglucosamine, amygdalin, cellobiose, escu- 
lin, galactose, gentiobiose, glycogen, lactose, maltose, salicin, 
starch, and p-xylose, and weakly positive for glucose, L-fucose, 
mannose, and ribose, but negative for arbutin, mannitol, 
melibiose, melezitose, methyl a-b-glucoside, raffinose, rham- 
nose, sorbitol, and xylitol. The major cellular fatty acids are 
Ciso 180, C,,,,@6, 9, 12, 15¢, C. 3-OH, and C 

DNA G+C content (mol % ): 34.2 (HPLC). 

Type strain: JL-4, ATCC 23126, CIP 104807, IFO (now 
NBRC) 15941, JCM 21138, NCIMB 13348, NRRL B-14729. 

Sequence accession no. (16S rRNA gene): AB247553. 


14:0° 


2. Flammeovirga arenaria (ex Lewin 1969) Takahashi, Suzuki and 
Nakagawa 2006, 2099% ( Microscilla arenaria Lewin 1969, 197) 


a.re.na'ria. L. fem. adj. arenaria of or pertaining to sand, 
(referring to the source of the organism). 


The characteristics are as described for the genus and as 
listed in Table 113, with the following additional features. 
Cells are 0.5-0.9 um wide and 2.0—40 um long or longer. The 
cell mass is orange. Temperature range for growth, 10-30^C; 
optimum, 25*C. The pH range for growth, 6-8; optimum, 7. 
Growth occurs at 1-5% NaCl; optimum, 3%. Oxidase, cat- 
alase, and urease activities are negative. Agar, alginic acid, 
esculin, and starch are hydrolyzed, but not carboxymethyl- 
cellulose, cellulose, chitin, DNA, inulin, gelatin, Tween 80, or 
tyrosine. Casein is weakly degraded. H,S is produced. Indole- 
negative. The O-F test of glucose catabolism is oxidative. 

Utilization (with the Biolog GN2 microplate system) is 
positive for Nacetyl-p-glucosamine, cellobiose, a-cyclodex- 
trin, dextrin, L-fucose, D-galactose, gentiobiose, a-D-glucose, 
glucose-1-phosphate, glucose 6-phosphate, L-glutamic acid, 
glycogen, glycyl-L-aspartic acid, glycyl-t-glutamic acid, o-p- 
lactose, lactulose, maltose, D-mannose, and D-melibiose, and 
weakly positive for alaninamide, r-alanine, r-alanylglycine, 
L-aspartic acid, pr-lactic acid, L-ornithine, and r-threonine, 
but negative for monomethyl succinate, L-rhamnose, and 
urocanic acid. Acid production (API 50CH system) is posi- 
tive for Macetylglucosamine, amygdalin, arbutin, cellobiose, 
esculin, L-fucose, galactose, gentiobiose, glucose, glycogen, 


lactose, maltose, mannose, melibiose, starch, and trehalose, 
and weakly positive for fructose, 5-ketogluconate, mannitol, 
methyl a-p-glucoside, methyl-a-b-mannoside, melezitose, 
raffinose, ribose, salicin, sorbitol, sucrose, and xylitol, but 
negative for rhamnose and p-xylose. The major cellular fatty 
acids are C,,, iso, Cj, ,, Ciso 9-OH, C4, 06, 9, 12, 15c, C. 
w5c, and C; iso 3-OH. 

DNA G+C content (mol% ): 31.8 (HPLC). 

Type strain: HJ-1, CIP 109101, JCM 21777, LMG 18922, 
NBRC 15982, NCIMB 1413. 

Sequence accession no. (168 rRNA gene): AB078078. 
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. Flammeovirga yaeyamensis Takahashi, Suzuki and Nakagawa 


2006, 2099" 


ya.e.ya.men'sis. N.L. fem. adj. yaeyamensis of or belonging to 
the Yaeyama Islands, from where the organisms were isolated. 


The characteristics are as described for the genus and as 
listed in Table 113, with the following additional features. 
Cells are 0.4—0.9 um wide and 1.7-90 um long or longer. The 
cell mass is orange. Temperature range for growth, 15-35*C; 
optimum, 30*C. The pH range for growth is 6-10; optimum, 7. 
Growth occurs at 1-5% NaCl; optimum, 3%. Oxidase activity 
is positive. Catalase activity differs among strains. Urease-neg- 
ative. Agar, alginic acid, carboxymethylcellulose, DNA, escu- 
lin, inulin, gelatin, starch and Tween 80 are degraded, but not 
casein, cellulose, chitin, or tyrosine. H,S is produced. Indole- 
negative. The O-F test of glucose catabolism is fermentative. 
Utilization (with the Biolog GN2 microplate system) is posi- 
tive for Macetyl-p-glucosamine, cellobiose, D-galactose, gen- 
tiobiose, glycyl-L-glutamic acid, n-melibiose, L-rhamnose, and 
urocanic acid, and weakly positive for L-alanylglycine, a-p-glu- 
cose, maltose, L-ornithine, and L-threonine, but negative for 
glucose 1-phosphate, glucose 6-phosphate, and monomethyl 
succinate. Acid production (API 50CH system) is positive for 
Nacetylglucosamine, amygdalin, arbutin, cellobiose, esculin, 
galactose, gentiobiose, glucose, glycogen, lactose, maltose, man- 
nose, melibiose, rhamnose, salicin, starch, and r-xylose, and 
positive or weakly positive for L-fucose, methyl a-p-glucoside, 
raffinose, and xylitol, but negative for mannitol, melezitose, 
ribose, and sorbitol. The major cellular fatty acids are C,, , iso, 
C,,,, 96,9,12,156 C oo 3-OH, G... iso 3-OH, C gp and C 

DNA G+C content (mol96): 33.4-35.7 (HPLC). 

Type strain: IR25-3, CIP 109099, NBRC 100898. 

Sequence accession no. (16S rRNA gene): AB247554. 
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Genus II. Fabibacter Lau, Tsoi, Li, Plakhotnikova, Dobretsov, Wu, Wong, Pawlik and Qian 2006, 1062" 


THE EpitoriAL BoARD 


Fa.bi.bac'ter. L. fem. n. faba bean; N.L. masc. n. bacter rod; N.L. masc. n. Fabibacter bean(-like) rod. 


Curved rods 0.5 x 1.5 um. Gram-stain-negative. Strictly aerobic. 
Gliding motility is present. Chemo-organotrophic. Colonies on 
marine agar are pink. The major respiratory quinone is MK-7. 
Flexirubin-type pigments are not produced. Acid is produced 
from carbohydrates. Oxidase- and catalase-positive. Tween 80 


is hydrolyzed but not gelatin. NaCl is not required for growth. 
Isolated from the marine sponge Tedania ignis. 


DNA G+C content (mol % ): 42.5. 
Type species: Fabibacter halotolerans Lau, Tsoi, Li, Plakhotnik- 


ova, Dobretsov, Wu, Wong, Pawlik and Qian 2006, 1062W. 
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Enrichment and isolation procedures 


Fabibacter halotoleranswas isolated on marine agar* from the marine 
sponge Tèdania ignis in the Bahamas. The strains appeared as pink- 
pigmented after 48 h of cultivation at 30°C on marine agar. 


Differentiation of the genus Fabibacter from other genera 


Unlike Roseivirga echinicomitans and Roseivirga ehrenbergii, Fabibacter 
halotolerans exhibits a different cell shape (curved rod vs straight 
rod), gliding motility, no requirement for NaCl for growth, a higher 
range of tolerance to NaCl (0-12% vs 1-8%), an ability to hydro- 
lyze Tween 80 but not gelatin, the production of acid from carbo- 
hydrates, a narrower temperature range for growth (12-36°C vs 
4.0-39°C), and a slightly higher mol% G+C value for its DNA (42.5 
vs 40.2—41.3). Moreover, the fatty acid profile of Fabibacter halotol- 
erans differs from those described for the members of Rosetvirga 
mainly by having larger quantities of C., iso 3-OH, C go iso 3-OH, 
and summed feature 3 (SF3) and by the additional presence of 
C, ,, iso 3-OH, C,., 2-OH, and C... 3-OH (Lau et al., 2006). 


14:0 15:0 15:0 * 


FAMILY Ill. FLAMMEOVIRGACEAE 


Lau et al. (2006) indicated that Fabibacter was also closely 
related to the Marincola seohaensis, however, Marinicola seo- 
haensis has been formally reclassified to the genus Roseivirga as 
Roseivirga seohaensis (Lau et al., 2006). Fabibacter halotolerans dif- 
fers from Roseivirga seohaensis by having a different cell shape 
(curved rod vs straight rod), orange colonies, lack of flexirubin 
pigments, a slightly higher mol% G+C value for its DNA (42.5 
vs 40.3), no requirement for NaCl for growth, a higher range 
of tolerance to NaCl (0-12% vs 2-8%), the production of acid 
from carbohydrates, and by exhibiting activities for arginine 
dihydrolase, o-galactosidase, p-galactosidase, o-glucosidase, 
P-glucosidase, and a-mannosidase. 


Taxonomic comments 


Lau et al. (2006) found that the type strain of Fabibacter was 
most closely related to the members of the genera Marinicola 
(see above) and Roseivirga, with 93.1-93.3% 16S rRNA gene 
sequence similarity. 


List of species of the genus Fabibacter 


1. Fabibacter halotolerans Lau, Tsoi, Li, Plakhotnikova, 
Dobretsov, Wu, Wong, Pawlik and Qian 2006, 1062” 


ha.lo.to'le.rans. Gr. masc. n. hals, halos salt; L. part. adj. toler- 
ans tolerating; N.L. part. adj. halotolerans salt-tolerating. 


The description is as given for the genus, with the fol- 
lowing additional features. All the characteristics described 
below are based on cultures grown on marine agar at 30°C 
for 48 h. Colonies are pink, circular, 2.0-4.0 mm in diam- 
eter, convex with a smooth surface and an entire margin. 
No diffusible pigment is formed. Growth occurs between 
12 and 36°C (optimum, 28-30°C) and between pH 5.0 and 
10.0. Sodium ions are not required for growth. The organ- 
isms tolerate up to 12% NaCl. Predominant fatty acids 
(>5%) are Ciso 150, Ciz Ciso iso 3-OH, C... iso 3-OH, Czo 
iso 3-OH, and SF 3 (comprising C,., iso 2-OH and/or 16:1 
7c). These fatty acids represent 80.7% of the total. Pro- 
duces acetoin, but not indole or H,S. Nitrate is not reduced. 
DNA and Tweens 20, 40, and 80 are hydrolyzed, but not agar, 
casein, carboxymethylcellulose, chitin, or gelatin. Starch is 
weakly hydrolyzed. The following enzyme activities are pres- 
ent: NAcetyl-B-glucosaminidase, acid phosphatase, alkaline 
phosphatase, arginine dihydrolase, o-galactosidase, B-galac- 
tosidase, a-glucosidase, B-glucosidase, o-chymotrypsin, cys- 
tine arylamidase, leucine arylamidase, valine arylamidase, 
esterase (C4), esterase lipase (C8), lipase (C14), o-mannosi- 
dase, trypsin, and naphthol-AS-BI-phosphohydrolase. No 


activities are exhibited for o-fucosidase, [-glucuronidase, 
lysine decarboxylase, ornithine decarboxylase, tryptophan 
deaminase, or urease. Growth occurs on the following sole 
carbon sources (API 20E, 20NE and 50CH systems): p-cel- 
lobiose, D-lactose, D-maltose, and starch. Acid is produced 
from the following sole carbon sources in the API 20E and 
50CH systems: amygdalin, arbutin, p-cellobiose, esculin ferric 
citrate, D-galactose, D-glucose, gentiobiose, maltose, methyl 
a-b-glucopyranoside, p-raffinose, salicin, sucrose, starch, 
and p-trehalose. The following carbon sources are utilized 
(MicroLog 3 system): L-alaninamide, r-alanine, L-alanyl- 
glycine, L-aspartic acid, p-cellobiose, dextrin, p-galacturonic 
acid, gentiobiose, o-p-glucose, D-glucose 6-phosphate, L-glu- 
tamic acid, glycogen, glycyl-L-aspartic acid, glycyl-L-glutamic 
acid, a-ketobutyric acid, o-ketoglutaric acid, o-ketovaleric 
acid, pr-lactic acid, a-p-lactose, lactulose, maltose, D-melibi- 
ose, methyl-B-p-glucoside, L-ornithine, L-proline, L-pyroglu- 
tamic acid, p-raffinose, succinamic acid, sucrose, p-trehalose, 
turanose, and r-threonine. In disc-diffusion tests, susceptibil- 
ity is shown toward to ampicillin (1 ug), chloramphenicol 
(1 ug), penicillin (1 ug), streptomycin (0.1 ug), and tetracy- 
cline (5 ug), but not to kanamycin (tested up to 100 ug). 

Source: marine sponge Tedania ignis in the Bahamas. 

DNA G+C content (mol % ): 42.5£0.3 (HPLC). 

Type strain: UST030701-097, JCM 13334, NRRL B-41220. 

Sequence accession no. (16S rRNA gene): DQ080995. 


Genus Ill. Flexithrix Lewin 1970, 513” emend. Hosoya and Yokota 2007b, 1087"* emend. 


YAsUYOSHI NAKAGAWA 


Flex'i.thrix. L. part. adj. flexus flexible; Gr. fem. n. thrix hair; N.L. fem. n. Flexithrix flexible hair (flexible rod). 


Rods 0.4-0.9 um wide and 1.5-70 um long or longer. Motile 
by gliding. Nonsporeforming. Sheath is present or not. Gram- 
stain-negative. Aerobic. Chemo-organotrophic. The cell mass 


* Marine agar medium (Lau et al., 2006) composed of (g/l of filter-sterilized sea- 
water): peptone (Oxoid), 5.0; and yeast extract (Oxoid), 3.0. 


is golden yellow to yellow. Zeaxanthin is present as the major 
carotenoid pigment. Flexirubin-type pigments are absent. Oxi- 
dase- and catalase-positive. Urease activity is negative or weakly 
positive. Marine organisms. Seawater is required for growth; 
NaCl alone can substitute. The optimum pH for growth is 
7. Nitrate is not reduced. H,S and indole are not produced. 
Esculin, gelatin, starch, and Tween 80 are degraded. The major 


GENUS III. FLEXITHRIX 


respiratory quinone is MK-7. Predominant cellular fatty acids 
are C; iso and C,,, o5c. 

DNA G+C content (mol % ): 35-37. 

Type species: Flexithrix dorotheae Lewin 1970, 511^- emend. 
Hosoya and Yokota 2007b, 1087"* emend. 


Further descriptive information 


All strains are negative for utilization of Biolog GN2 Microplate 
system substrates including cis-aconitic acid, adonitol, y-amino 
butyric acid, 2-amino ethanol, b-arabitol, bromosuccinic acid, 
2,3-butanediol, pr-carnitine, citric acid, i-erythritol, formic 
acid, p-galactonic acid lactone, p-glucosaminic acid, glucose- 
6-phosphate, glycerol, pr-o-glycerol phosphate, r-histidine, 
a-hydroxybutyric acid, B-hydroxybutyric acid, y-hydroxybutyric 
acid, phydroxy phenylacetic acid, hydroxy r-proline, inosine, 
minositol, itaconic acid, o-ketobutyric acid, a-ketoglutaric 
acid, o-ketovaleric acid, L-leucine, malonic acid, methylpyru- 
vate, L-phenylalanine, phenyl ethylamine, propionic acid, 
putrescine, L-pyroglutamic acid, quinic acid, p-saccharic acid, 
sebacic acid, p-serine, D-sorbitol, succinamic acid, thymidine, 
Tween 40, Tween 80, uridine, urocanic acid, and xylitol. 

All strains are negative for acid production from API 50CH 
system substrates including adonitol, r-arabitol, L-arabitol, dul- 
citol, erythritol, p-fucose, gluconate, glycerol, glycogen, inositol, 
2-keto-gluconate, 5-keto-glucotate, mannitol, B-methyl-p-xylo- 
side, sorbitol, sorbose, D-tagatose, xylitol, and L-xylose. All strains 
are negative for API ZYM system substrates including -glucosi- 
dase and -glucuronidase. All strains are sensitive to ampicillin, 
benzylpenicillin, chloramphenicol, erythromycin, nalidixic acid, 
nitrofurantoin, novobiocin, and oleandomycin, but resistant to 
bacitracin, carbenicillin, colistin sulfate, gentamicin, kanamycin, 
neomycin, polymyxin B, streptomycin, and tetracycline. 


Enrichment and isolation procedures 


No special enrichment media have been designed for isolation 
of Flexithrix strains. Standard procedures to isolate marine bac- 
teria can be applied. Colonies of Flexithrix are usually yellow and 
spread on agar media. Plexithrix strains have been isolated from 
marine environments at widely separated sites (Lewin, 1969, 
1970; Lewin and Lounsbery, 1969). The type strain of Flexithrix 
dorotheae came from Ernakulum, India. 


Maintenance procedures 


Cultures of Flexithrix strains can be preserved by freezing at 
lower than -80°C. For freezing, cells are suspended in Marine 
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broth 2216 (Difco) containing 10% glycerol or 7% DMSO. 
Flexithrix strains are rather sensitive to drying; however, they can 
be preserved by the liquid drying method using a protective 
medium such as SM2 or SM3 (see the chapter on Flammeovirga 
for the formulations), or by freeze drying. 


Differentiation of the genus Flexithrix from other genera 


Characteristics differentiating the genus Flexithrix form other 
mesophilic genera in the family Flammeovirgaceae are listed in 
Table 113 in the chapter on Flammeovirga. The presence of C; 
iso and C,,, 5c as major fatty acids and zeaxanthin as a major 
carotenoid are useful characters to discriminate the genus Flam- 
meovirga from other genera. 


Taxonomic comments 


The genus Flexithrix was created by Lewin (1970) to accommo- 
date a sheathed gliding bacteria strain QQ-3 (NBRC 159877) 
isolated from brown silt from the coast of Kerala, India. Until 
the Ist edition of Bergey s Manual of Systematic Bacteriology, the 
genus contained a single strain belonging to a single species 
Flexithrix dorotheae, however, Reichenbach (1989d) mentioned 
that the genus Flexithrix closely resembles Flexibacter aggregans 
(* Microscilla aggregans") when it lacks sheathed filaments. Nak- 
agawa et al. (2002) reported that three strains belonging to 
Flexibacter aggregans (NBRC 15973, NBRC 159767, and NBRC 
15990) were closely related to the genus Flexithrix by 16S rRNA 
gene sequence analysis. Hosoya and Yokota (2007b) proposed 
reclassification of Flexibacter aggregans as Flexithrix dorotheae and 
emended the description of the genus Flexithrix and the species 
Flexithrix dorotheae. However, the emended descriptions did not 
cover characteristics of all Flexithrix strains, because they were 
based only on type strains (NBRC 159767 and NBRC 159877). 
We have investigated all four strains belonging to the genus 
Flexithrix, phenotypically, chemotaxonomically, and genotypi- 
cally (unpublished). The type strain of Flexithrix dorotheae exhib- 
its more than 7076 DNA-DNA relatedness with the three strains 
of Flexibacter aggregans, and they also share many not previously 
known phenotypic and chemotaxonomic characteristics. Those 
characteristics are described in this chapter. In addition, we 
found that presence of zeaxanthin (the major carotenoid) can 
be used to differentiate the genus Mexithrix from other meso- 
philic genera of Flammeovirgaceae. Therefore, we propose the 
emendation of the genus Flexithrix and the species Flexithrix 
dorotheae as indicated in this chapter. 


List of species of the genus Flexithrix 


1. Flexithrix dorotheae Lewin 1970, 511^- emend. Hosoya and 
Yokota 2007b, 1087"" emend. (Microscilla aggregans Lewin 
1969, 197; Flexibacter aggregans (Lewin 1969) Leadbetter 
1974, 106^) 


do.ro.the'ae. N.L. gen. fem. n. dorotheae of Dorothy; named 
after a deceased technical assistant, Dorothy White. 

The characteristics are as described for the genus, with the 
following additional features. Cells are 0.4—0.9 um wide and 
1.5-70 um long or longer. The cell mass is golden yellow to yel- 
low. Growth occurs at 10-40*C; optimum, 25-30*C. The pH 
range for growth is 6-11; optimum, 7. Growth occurs in the 
presence of 1-5% NaCl; optimum, 3%. Some strains can grow 


in the presence of 7% NaCl. Oxidase- and catalase-positive. 
Esculin, gelatin, starch, and Tween 80 are degraded, but not 
agar, cellulose, chitin, inulin, and yeast cells. Alginate is strongly 
or weakly degraded. Sole nitrogen sources include ammonium 
sulfate, Casamino acids, peptone, sodium glutamate, and 
sodium nitrate. Utilization (with the Biolog GN2 microplate 
system) is positive for N-acetyl-b-galactosamine, alaninamide, 
L-alanylglycine, dextrin, D-fructose, L-fucose, D-galactose, DL- 
lactic acid, p-melibiose, B-methyl p-glucoside, p-raffinose, 
Lrhamnose, D-trehalose, and turanose, and positive or 
weakly positive for acetic acid, Macetyl-p-glucosamine, L- 
alanine, L-arabinose, L-asparagine, L-aspartic acid, gentiobiose, 
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a-b-glucose, glucuronamide, D-glucuronic acid, L-glutamic 
acid, glycyl-L-aspartic acid, glycyl-1-glutamic acid, o-p-lactose, 
lactulose, maltose, r-ornithine, p-psicose, r-serine, sucrose, 
and r-threonine. Acid production (API 50CH system) is posi- 
tive for cellobiose, esculin, fructose, galactose, lactose, malt- 
ose, melibiose, salicin, sucrose, trehalose, and p-turanose, and 
positive or weakly positive for Macetylglucosamine, amygda- 
lin, L-arabinose, arbutin, glucose, inulin, p-lyxose, mannose, 
melezitose, ^ o-methyl-rn-glucoside, | o-methyl-n-mannoside, 


FAMILY Ill. FLAMMEOVIRGACEAE 


raffinose, and D-xylose. Enzyme production (API ZYM system) 
is positive for Macetyl-B-glucosaminidase, acid phosphatase, 
alkaline phosphatase, p-galactosidase, leucine allyl amidase, 
and valine allyl amidase. The major cellular fatty acids are C,. , 
iso, C,,, @5c, and Cgo 

DNA G+C content (mol % ): 35.9-36.1 (HPLC). 

Type strain: QQ-3, ATCC 23163, DSM 6795, NBRC 15987, 
NBRC 102100, NCIMB 1390. 

Sequence accession no. (16S rRNA gene): AB078077. 


Genus IV. Persicobacter Nakagawa, Hamana, Sakane and Yamasato 1997, 221P 


YASUYOSHI NAKAGAWA 


Per.si.co.bac'ter. Gr. neut. n. persikon peach; N.L. masc. n. bacter rod; N.L. masc. n. Persicobacter peach 


rod, because the organism is a peach-colored rod. 


Slender rods 0.4-0.6 um wide and 0.9-30 um long or longer. 
Motile by gliding. Nonsporeforming. Gram-stain-negative. 
Facultatively anaerobic. Chemo-organotrophic. Colonies 
spread and produce large gelase fields and deep craters in 
agar plates. The cell mass is pink to orange. Saproxanthin 
is present as the major carotenoid pigment. Flexirubin-type 
pigments are absent. Oxidase- and urease-negative. Strongly 
or weakly catalase-positive. Marine organisms. Seawater is 
required for growth; NaCl alone can substitute. The opti- 
mum pH for growth is 7. Nitrate is reduced. H,S and indole 
are not produced. Agar, alginic acid, esculin, and gelatin are 
degraded. Starch is weakly degraded. The major respiratory 
quinone is MK-7. Predominant cellular fatty acids are C}; iso 
and C, iso 3-OH. 

DNA G+C content (mol % ): 42-44. 

Type species: Persicobacter diffluens (Reichenbach 1989b) 
Nakagawa, Hamana, Sakane, Yamasato 1997, 222%" [ Cytophaga 
diffluens (ex Stanier 1940) Reichenbach 1989c, 495‘; Cytophaga 
diffluens Stanier 1940, 623 emend. mut. char. Lewin 1969, 197]. 


Further descriptive information 


All species are negative for acid production from API 50CH sys- 
tem substrates including adonitol, r-arabinose, p-arabitol, L-ara- 
bitol, dulcitol, erythritol, p-fucose, L-fucose, gluconate, glycerol, 
inositol, inulin, 2-ketogluconate, 5-ketoglucomate, mannitol, 
melezitose, B-methyl-p-xyloside, raffinose, ribose, sorbitol, 
D-tagatose, D-turanose, and L-xylose. All species are negative 
for the utilization of Biolog GN2 Microplate system substrates 
including Nacetyl-p-galactosamine, cis-aconitic acid, adonitol, 
p-alanine, y-amino butyric acid, 2-amino ethanol, L-arabinose, 
p-arabitol, bromosuccinic acid, 2,3-butanediol, pr-carnitine, 
citric acid, i-erythritol, formic acid, p-galactonic acid lactone, 
p-gluconic acid, glucuronamide, glycerol, DL-a-glycerol phos- 
phate, L-histidine, a-hydroxybutyric acid, B-hydroxybutyric acid, 
y-hydroxybutyric acid, phydroxy phenylacetic acid, hydroxy-L- 
proline, inosine, m-inositol, itaconic acid, a-ketoglutaric acid, 
malonic acid, D-mannitol, mono-methyl succinate, L-phenylala- 
nine, phenyl ethylamine, propionic acid, D-psicose, putrescine, 
L-pyroglutamic acid, quinic acid, p-saccharic acid, sebacic acid, 
D-serine, D-sorbitol, succinamic acid, succinic acid, Tween 80, 
uridine, and xylitol. All species are sensitive to chlorampheni- 
col, lincomycin, nitrofurantoin, novobiocin, oleandomycin, 


and tetracycline, but resistant to colistin sulfate, gentamicin, 
kanamycin, polymxin B, and streptomycin. 


Enrichment and isolation procedures 


No enrichment media have been designed for isolation of Persi- 
cobacter strains. Standard procedures to isolate marine bacteria 
can be applied. Colonies of Persicobacter are usually orange to 
pink, degrade agar, and spread rapidly. 

Persicobacler strains have been isolated from marine envi- 
ronments at widely separated sites (Lewin, 1969; Lewin and 
Lounsbery, 1969; Nakagawa, 2004). The type strain of Persi- 
cobacler diffluens came from Bombay, India. The type strain of 
" Persicobacter psychrovividus" was isolated from a clam, Ruditapes 
philippinarum, collected off a seacoast in Chiba, Japan. 


Maintenance procedures 


Cultures of Persicobacter strains can be preserved by freezing at 
lower than -80^C. For freezing, cells are suspended in Marine 
broth 2216 (Difco) containing 1046 glycerol or 7% DMSO. Per- 
sicobacter strains are rather sensitive to drying; however, they 
can be preserved by a liquid drying method using a protective 
medium SM2 or SM3 (see the chapter on Flammeovirga for for- 
mulations), or by freeze drying. 


Differentiation of the genus Persicobacter 
from other genera 


Characteristics differentiating the genus Persicobacterfrom other 
mesophilic genera in the family Flammeovirgaceae are listed in 
Table 115 in the chapter on Flammeovirga. The presence of C; 
iso and C, iso 3-OH as major fatty acids and saproxanthin as 
the major carotenoid are useful characters to discriminate the 
genus Persicobacter from other genera. 


Taxonomic comments 


The genus Persicobacter was created by Nakagawa et al. (1997) to 
accommodate the misclassified species Cytophaga diffluens. Until 
now, the genus contained a single species, Persicobacter diffluens. 
However, we isolated a new Persicobacter strain Asr22-19 from 
the gut of the clam (Ruditapes philippinarum) (Muramatsu et al., 
in press). This strain could grow both aerobically and anaero- 
bically. Strain Asr22-19 with two other strains, NBRC 101035 


GENUS IV. PERSICOBACTER 


TABLE 115. Characteristics differentiating the species of the genus 
Persicobacter*” 


Characteristic P. diffluens “P. psychrovividus” 
Growth at 5-10*C = + 
Optimum temperature (°C) 30-35 25 
Optimum NaCl concentration (%) 3 5 
Hydrolysis of: 

Carboxymethyl cellulose, yeast cells $ = 

Chitin w + 
Assimilation of: 

N-Acetyl-p-glucosamine, = + 

L-glutamic acid 
L-Aspartic acid, L-ornithine - +/w 


L-Fucose, glucose 1-phosphate w = 
DNA G+C content (mol%) 42.6-43.8 42.0-42.7 


“Symbols: +, >85% positive; —, 0-15% positive; w, weak reaction. 


"Data from Takahashi et al. (unpublished). 
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and NBRC 101041, constituted a single independent species 
in the genus Persicobacter by DNA-DNA hybridization. In addi- 
tion, those three strains could be phenotypically differentiated 
from Persicobacter diffluens (Table 115). The genus Persicobacter 
was originally described as oxidase-positive, catalase-negative, 
and aerobic. However, we found that both species produce cat- 
alase but not oxidase. Thus, we conclude that the three strains 
[Asr22-19 (NBRC 101262), NBRC 101035, and NBRC 101041] 
should be assigned to a new species of the genus Persicobacter 
for which the name Persicobacter psychrovividus sp. nov. is pro- 
posed. 


Differentiation of the species of the genus Persicobacter 


Table 115 lists characteristics that distinguish the Persicobacter 
species from one another. 


List of species of the genus Persicobacter 


1. Persicobacter diffluens (Reichenbach 1989b) Nakagawa, 
Hamana, Sakane and Yamasato 1997, 222%? [ Cytophaga difflu- 
ens (ex Stanier 1940) Reichenbach 1989c, 495°”; Cytophaga dif- 
fluens Stanier 1940, 623 emend. mut. char. Lewin 1969, 197] 


dif'flu.ens. L. part. adj. diffluens flowing away. 


The characteristics are as described for the genus and as 
listed in Table 115, with the following additional features. 
Cells are 0.4-0.5 um wide and 0.9-30 um long or longer. 
The cell mass is pink to orange. Growth occurs at 15—40°C; 
optimum, 30-35°C. The pH range for growth is 6-11; opti- 
mum, 7. Growth occurs in the presence of 1-5% NaCl; 
optimum, 3%. Some strains can grow at 45°C, pH 3, or 7% 
NaCl. Oxidase-negative. Catalase-positive. Agar, alginate, car- 
boxymethyl cellulose, DNA, esculin, gelatin, and yeast cells 
are degraded, but not cellulose and tyrosine. Starch and chi- 
tin are weakly degraded. Utilization (with the Biolog GN2 


microplate system) is positive for L-alanine, L-asparagine, 
cellobiose, o-cyclodextrin, dextrin, D-galactose, o-p-glucose, 
glycogen, glycyl-L-aspartic acid, glycyl-.-glutamic acid, pr-lactic 
acid, a-p-lactose, maltose, D-mannose, L-threonine, and 
p-trehalose, positive or weakly positive for alaninamide, 
D-fructose, L-fucose, gentiobiose, glucose 1-phosphate, lactu- 
lose,andL-rhamnose, butnegative for Nacetyl-b-glucosamine, 
L-aspartic acid, and r-glutamic acid. Acid production (API 
50CH system) is positive for Nacetyl glucosamine, amygd- 
alin, arbutin, cellobiose, esculin, galactose, gentiobiose, 
glucose, glycogen, lactose, maltose, mannose, salicin, starch, 
and trehalose. The major cellular fatty acids are C., iso, C 
iso 3-OH, C, anteiso, and C po 

DNA G+C content (mol % ): 42.6-43.8 (HPLC). 

Type strain: strain B-1 Lewin, ATCC 49458, DSM 3658, JCM 
8513, LMG 13036, NBRC 15940, NCIMB 1402. 

Sequence accession no. (16S rRNA gene): AB260929. 


17:0 


Other organisms 


1. *Persicobacter psychrovividus” Muramatsu, Takahashi, 


Kaneyasu, Iino, Suzuki and Nakagawa (in press) 
psy.chro'vividus. Gr. adj. psychros cold; L. adj. vividus full of 


life, vigorous, active; N.L. masc. adj. psychrovividus active at 
low temperatures. 


Cells are 0.4—0.6 um wide and 0.9-6 um long or longer. The 
cell mass is orange. Growth occurs at 5-45*C; optimum, 25*C. 
Some strains can grow at 45*C. The pH range for growth is 
3-11; optimum 7. Growth occurs in the presence of 1-7% 
NaCl; optimum 5%. Oxidase-negative. Catalase-positive or 
weakly catalase-positive. Agar, alginate, esculin, gelatin, chitin, 
and Tween 80 are degraded, but not cellulose, carboxymethyl 
cellulose, yeast cells, or tyrosine. Starch is degraded weakly. 
Utilization (with the Biolog GN2 microplate system) is posi- 
tive for NacetyL-b-glucosamine, L-asparagine, o-cyclodextrin, 


dextrin, D-galactose, gentiobiose, o-p-glucose, L-glutamic 
acid, glycogen, glycyl-L-aspartic acid, glycyl-L-glutamic acid, 
DL-lactic acid, a-b-lactose, maltose, D-mannose, r-threonine, 
and p-trehalose, and positive or weakly positive for L-alanine, 
L-alanylglycine, L-aspartic acid, cellobiose, o-ketobutyric acid, 
and lactulose, but negative for L-fucose and glucose 1-phos- 
phate. Acid production (API 50CH system) is positive for 
Nacetyl glucosamine, amygdalin, arbutin, cellobiose, esculin, 
galactose, gentiobiose, glucose, glycogen, lactose, maltose, 
mannose, rhamnose, salicin, starch, trehalose, and p-xylose. 
The major cellular fatty acids are C,. , iso, C}; iso 3-OH, C 
iso 3-OH, C,,, 3-OH, and Cgo 

DNA G+C content (mol96): 42.0-42.7 (HPLC). 

Type strain: Asr 22-19, CIP 109100, NBRC 101262. 

Sequence accession no. (16S rRNA gene): AB260934. 
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FAMILY Ill. FLAMMEOVIRGACEAE 


Genus V. Reichenbachiella Nedashkovskaya, Kim, Suzuki, Shevchenko, Lee, Lee, Park, Frolova, Oh, Bae, Park and 
Mikhailov 2005c, 2587"? (Reichenbachia Nedashkovskaya, Suzuki, Vysotskii and Mikhailov 2003, 82) 


OLGA |. NEDASHKOVSKAYA AND MAKOTO Suzuki 


Rei.chen.bach.i.el'la. N.L. fem. dim. n. Reichenbachiella named after Hans Reichenbach, a German 
microbiologist who has made a great contribution to the taxonomy of bacteria belonging to the phylum 


Bacteroidetes. 


Thin rods 0.5-0.7 x 5-15 um. Motile by gliding. Produce non- 
diffusible, orange, flexirubin pigments. Chemo-organotrophs. 
Strictly aerobic. Oxidase-, catalase-, and alkaline phosphatase- 
positive. Agar, alginate, gelatin, casein, starch, urea, DNA, and 
Tween 20 are hydrolyzed, but casein, chitin, cellulose (CM- 
cellulose and filter paper), and Tweens 40, 60, and 80 are not 
hydrolyzed. The major respiratory quinone is MK-7. Marine, 
isolated from coastal habitats in temperate latitudes. Growth 
does not occur without seawater or sodium ions. 

DNA G+C content (mol % ): 44—45. 

Type species: Reichenbachiella agariperforans (Nedashkovs- 
kaya, Suzuki, Vysotskii and Mikhailov 2003) Nedashkovskaya, 
Kim, Suzuki, Shevchenko, Lee, Lee, Park, Frolova, Oh, Bae, 
Park and Mikhailov 2005c, 2587"* (Reichenbachia agariperforans 
Nedashkovskaya, Suzuki, Vysotskii and Mikhailov 2008, 83). 


Further descriptive information 


Affiliation of the genus Reichenbachiella with known families of 
the phylum Bacteroidetes is not yet clear. It has no near neighbors 
among members of the phylum, and its closest relatives are the 
type strains of [Flexibacter] tractuosus and Persicobacter diffluens, 
with similarities of 16S rRNA genes of 88.1 and 86.5%, respec- 
tively. DNA-DNA hybridization values between Reichenbachiella 
and other representatives of the phylum Bacteroidetes are less 
than 86.2%. 

The main cellular fatty acids are straight-chain unsaturated 
and branched-chain saturated fatty C}; iso, C,,, @5c and 
summed feature 3 comprising C,., iso 2-OH and/or C,., 7c. 

On Marine agar 2216 (Difco), Reichenbachiella agariperforans 
forms regular, round, smooth, bright orange colonies that are 
sunken into the agar. They have entire edges and a diameter 
of 3-5 mm after 48 h at 28°C. Reichenbachiella agariperforans 
grows on media containing 0.5% of a peptone and 0.1-0.2% 
yeast extract (Difco), prepared with natural or artificial seawa- 
ter or supplemented with 2-3% NaCl. Good growth is observed 
on Marine agar 2216. Growth occurs at 4—35°C (optimum, 
25-28°C). Growth occurs with 1-6% NaCl. The pH range for 
growth is 5.5-10.0 (optimum, 7.5-8.5). 


The single available strain of Reichenbachiella agariperforans 
is susceptible to carbenicillin, oleandomycin, lincomycin, and 
tetracycline and resistant to ampicillin, benzylpenicillin, strep- 
tomycin, gentamicin, neomycin, and polymyxin B. 


Enrichment and isolation procedures 


The organisms were isolated from seawater by direct plating on 
Marine agar. Natural or artificial seawater is suitable for their 
cultivation. Strain KMM 9525! has been grown on media con- 
taining 0.5% of a peptone and 0.1-0.2% yeast extract (Difco). 
The organisms may remain viable on Marine agar or other rich 
medium based on natural or artificial seawater for 1 week. They 
have survived storage at -80°C for at least 5 years. 


Differentiation of the genus Reichenbachiella 
from other genera 


Reichenbachiella differs from its closest relative [Flexibacter] trac- 
tuosus ATCC 231687 by its production of flexirubin type pig- 
ments and agarase, NaCl requirement for growth, and the 
lower G+C content of its DNA. The production of catalase and 
flexirubin type pigments clearly distinguishes Reichenbachiella 
from its nearest neighbor, Persicobacter diffluens. 


Taxonomic comments 


Previously the genus Reichenbachia and the species Reichen- 
bachia agariperforans were described to accommodate strain 
KMM 3525" (Nedashkovskaya et al., 2003). However, the name 
Reichenbachia is illegitimate according to the International Code 
of Bacteriological Nomenclature because it is a later homonym 
of a plant genus, and also a later homonym of an insect genus. 
Therefore, replacement of the names Reichenbachia and Reichen- 
bachia agariperforans with Reichenbachiella and Reichenbachiella 
agariperforans, respectively, was proposed by Nedashkovskaya 
et al. (2005c). 

Nedashkovskaya et al. (2003) reported that strain KMM 35257 
did not utilize carbohydrates but could produce acid from sev- 
eral of them (Nedashkovskaya et al., 2005c). 


List of species of the genus Reichenbachiella 


1. Reichenbachiella agariperforans (Nedashkovskaya et al., 
2003) Nedashkovskaya, Kim, Suzuki, Shevchenko, Lee, 
Lee, Park, Frolova, Oh, Bae, Park and Mikhailov 2005c, 
2587" (Reichenbachia agariperforans Nedashkovskaya, Suzuki, 
Vysotskii and Mikhailov 2008, 83). 
a.ga.ri.perfo'rans. N.L. n. agarum, agar (algal polysaccha- 
ride); L. part. adj. perforans perforating (making holes); N.L. 
part. adj. agariperforans, making holes in agar, i.e., bacterium 
making deep hollows in agar. 


Cells are 0.5-0.7 x 5-15 um. Colonies are 3-5 mm in dia- 
meter, circular, sunken into agar, shiny, with entire edges and 


orange-pigmented on solid media containing high nutrient 
levels. Growth occurs at 4—35°C, with an optimum of 25-28°C 
and with 1-6% NaCl. Agar, starch, alginate, gelatin, DNA, 
urea, and Tween 20 are hydrolyzed, but cellulose (CM- 
cellulose and filter paper), chitin, casein, and Tweens 40, 60, 
and 80 are not. Acid is formed from r-arabinose, p-cellobiose, 
L-fucose, D-glucose, arbutin, esculin, and Nacetylglucosamine, 
but not from D-galactose, D-lactose, D-maltose, p-melibiose, 
Lrhamnose, D-sucrose, DL-xylose, adonitol, dulcitol, inosi- 
tol, or mannitol. Lactose, mannose, and mannitol are uti- 
lized, but citrate, fumarate, and malate are not. Leucine- and 
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valine-arylamidases, trypsin, naphthol-AS-BI-phosphohydro- 
lase, a- and B-galactosidases, a- and B-glucosidases, Macetyl- 
B-glucosaminidase, and alkaline and acid phosphatases are 
present, but not esterase (C4), esterase lipase (C8), lipase 
(C14), crystine arylamidase, a-chymotrypsin, B-glucuronidase, 
a-mannosidase, and a-fucosidase. Flexirubin pigments are 
produced. Nitrate is not reduced. H,S and indole production 
are negative. The predominant fatty acids are C,. , iso (28.6%), 
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Cu 05c (21.9%), and summed feature 3 (20.7%; comprising 
Ciso iso 2-OH and/or C, ad 7). The single available strain was 
isolated from seawater sample collected in the Amursky Bay, 
the Gulf of Peter the Great, the Sea of Japan. 

Source: coastal marine environments. 

DNA G+C content (mol% ): 44.5 (T). 

Type strain: JCM 11238, KMM 3525, NBRC 16625. 

Sequence accession no. (16S rRNA gene): AB058919. 


Genus VI. Roseivirga Nedashkovskaya, Kim, Lee, Lysenko, Shevchenko, Frolova, Mikhailov, Lee and Bae 2005a, 232°, 
emend. Nedashkovskaya, Kim, Lysenko, Park, Mikhailov, Bae and Park 2005b, 1800"? 


OLGA |. NEDASHKOVSKAYA AND SEUNG Bum KIM 


Ro.se.i.vir'ga. L. adj. roseus pink-colored; L. fem. n. virga rod; N.L. fem. n. Roseivirga a pink-colored 


and rod-shaped marine bacterium. 


Thin rods usually measuring 0.2-0.5 x 2.0-4.0 um. Gliding 
motility can be observed. Produce nondiffusible pink-orange 
pigments. Flexirubin type of pigments can be formed. Chemo- 
organotrophs. Strictly aerobic. Can require seawater or sodium 
ions for growth. Oxidase-, catalase-, and alkaline phosphatase- 
positive. Arginine dihydrolase, lysine, and ornithine decar- 
boxylases, and tryptophan deaminase are absent. Agar, casein, 
starch, urea, cellulose (CM-cellulose and filter paper), and 
chitin are not attacked, but gelatin, DNA, and Tweens may be 
decomposed. H,S and indole are not produced. The major 
respiratory quinone is MK-7. Marine, from coastal habitats. 

DNA G+C content (mol 96): 40—45. 

Type species: Roseivirga ehrenbergii Nedashkovskaya, Kim, 
Lee, Lysenko, Shevchenko, Frolova, Mikhailov, Lee and Bae 
2005a, 233%. 


Further descriptive information 


Phylogenetic analysis based on 16S rRNA gene sequencing indi- 
cates that the genus Roseivirga forms a distinct lineage within 
the phylum Bacteroidetes and the class Cytophagia (Figure 6). The 
genus Fabibacter is the closest relative of the Roseivirga species, 
showing sequence similarities of 93.9-95%. The range of 16S 
rRNA gene sequence similarities between the Roseivirga species 
is 96-99.896. 

Dominant cellular fatty acids are straight-chain unsatu- 
rated and branched-chain unsaturated fatty acids C,,, iso, C 
anteiso, C; iso, C,. iso 3-OH, and C, iso 3-OH. 

On Marine agar 2216 (Difco), colonies are circular, glisten- 
ing, convex, smooth, with entire edges, pink or pink-orange- 
pigmented, and 1-3 mm in diameter after 72 h at 25-30*C. 

Allisolated strains have been grown on media containing 0.5% 
of a peptone and 0.1-0.2% yeast extract (Difco), prepared with 
natural or artificial seawater or supplemented by 2-396 NaCl. 
Growth occurs at 4—40°C, with 1-8% NaCl and at pH 5.5-10.0. 
Optimal growth is observed at 21-30*C, with 2-3% NaCl and 
at pH 7.0-8.0. According to API ZYM testing, all studied strains 
of the genus Roseivirga produce esterase (C4), esterase lipase 
(C8), leucine arylamidase, valine arylamidase, o-chymotrypsin, 
acid phosphatase, and naphthol-AS-BI-phosphohydrolase, but 
not f-glucuronidase, and a-fucosidase. 

Strains of the genus Roseivirga are susceptible to carbenicillin, 
lincomycin, and oleandomycin, and resistant to benzylpenicillin, 
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gentamicin, kanamycin, neomycin, polymyxin B, streptomycin, 
and tetracycline. Sensitivity to ampicillin is variable. 

The strains of the genus Roseivirga inhabit coastal marine 
environments. They were isolated from seaweeds, seawater, 
sponges, and echinoderms in the temperate latitudes. 


Enrichment and isolation procedures 


The roseivirgas were isolated by direct or standard dilution 
plating technique on marine agar (Difco). Natural or artifi- 
cial seawater is suitable for cultivation of the representatives of 
some species. They can grow on Casamino acids, peptone, and 
tryptone as the sole carbon and nitrogen sources (Yoon et al., 
2005). All isolated strains have been grown on media contain- 
ing 0.596 peptone and 0.1-0.2% yeast extract (Difco). Strains 
remain viable on Marine agar (Difco) or other rich medium 
based on natural or artificial seawater for one or several weeks. 
They survive storage at -80^C for at least 5 years. 


Differentiation of the genus Roseivirga from other genera 


The genus Roseivirga and its closest relative, Fabibacter halotoler- 
ans, have many common traits (Lau et al., 2006; Nedashkovskaya 
et al., 2005a). However, Roseivirga strains can be differentiated 
from Fabibacter halotolerans by their inability to hydrolyze starch 
and by their distinctive fatty acid composition (Table 116). 


Taxonomic comments 


Since a description of the genus Roseivirga was published 
(Nedashkovskaya etal., 20052), Yoon etal. (2005) have described 
a novel genus, Marinicola. We have found high levels of 16S 
rRNA gene similarity between Marinicola seohaensis SW-152" and 
Roseivirga ehrenbergii KMM 6017" and Roseivirga echinicomitans 
(99.8 and 99.1%, respectively) (Nedashkovskaya et al., 2005b). 
Consequently, we proposed placement of the genus Marinicola 
in the genus Roseivirga. This conclusion was supported by the 
results of genomic, chemotaxonomic, and phenotypic analy- 
ses, which revealed many common features between members 
of the genera Marinicola and Roseivirga. These data have been 
incorporated in the emended description of the genus Rosei- 
virga (Nedashkovskaya et al., 2005b), and Marinicola seohaensis 
has been formally reclassified to the genus Roseivirga as Rosei- 
virga seohaensis (Lau et al., 2006). Notably, DNA-DNA hybridiza- 
tion experiments were not conducted for genomic comparison 
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TABLE 116. Fatty acid content of Roseivirga species and Fabibacter halotolerans^^ 


es 5B 
E 15 
s = iz 
Fatty acid E: E Rs z 
C, iso 2.2 2.9 
2149 180 0.4 1.9 
3140 80 9-OH 0.1 0.8 
Cso anteiso 4.5 15.1 
Cz iso 24.4 20.2 
Giao 0.9 0.8 
Ciso 2-OH 0.2 0.3 
Zizo 30H 0.2 0.4 
C,,, anteiso 1.8 2.4 
2,54 180 34.2 20.2 
C, iso 3-OH 3.0 4.1 
Cos 0.6 0.5 
` igo 180 1.1 1.8 
Zie: 180 0.9 2.0 
Cs iso 3-OH 4.1 4.2 
js 2° OH 1.6 1.4 
Ciz 2-OH 0.9 2.0 
C,,, iso @9¢ - 1.1 
Cz iso 3-OH 7.7 12.1 
C,, iso 1.0 
Summed feature 3° 1.7 1.0 


+ E 
3 23 
i HOE 
sa SD RD 
5.2 0.7 1.6 
- 4.7 

1.1 

2.4 12.5 2.5 
33.5 18.6 18.3 

1.1 

1.9 1.9 

1.3 

_ 0.8 

20.5 12.5 14.2 
5.6 4.9 12.5 
1:2 2.0 1:2 
- 1.2 
7.2 1.2 12.7 
1.8 - 1.2 
10.1 1.3 

10.8 - 

11.2 18.3 9.3 
_ 0.5 
4.8 5.5 13.7 


“Values represent the percentage of the total fatty acids. Fatty acids amounting to less than 1% in all taxa are not given. 
‘Data are taken from Lau et al. (2006), Nedashkovskaya et al. (2005a, b), and Yoon et al. (2005). 


‘Summed features consist of one or more fatty acids that could not be separated by the Microbial Identification System. 


Summed feature 3: C,., iso 2-OH and/or 16:107. 
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of the type strains of Roseivirga seohaensis SW-152' and its nearest 
phylogenetic neighbors, Roseivirga ehrenbergii KMM 6017" and 
Roseivirga echinicomitans KMM 6058". Therefore, an additional 
study on the determination of a level of DNA-DNA reassocia- 
tion between the above-mentioned Roseivirga strains is needed 
to clarify the species status of strain SW-1527. 


Differentiation of the species of the genus Roseivirga 


Although species of the genus Roseivirga are very close phyloge- 
netically to each other and have similar fatty acid compositions 
(Table 116) and phenotypic characteristics, they can be differ- 
entiated by a set of phenotypic traits (Table 117). 


List of species of the genus Roseivirga 


l. Roseivirga echinicomitans Nedashkovskaya, Kim, Lysenko, 
Park, Mikhailov, Bae and Park 2005b, 1799W! 


e.chi.ni.co'mi.tans. L. n. echinus -i sea urchin; L. pres. part. 
comitans (from L. v. comito) accompanying; N.L. part. adj. 
echinicomitans accompanying a sea urchin. 


Cells are 0.3-0.5 um wide and 2.1-3.2 um long. On Marine 
agar, colonies are 2-3 mm in diameter, circular, shiny with 
entire edges, and pink-pigmented. The optimal temperature 
for growth is 21-23*C. Acid is not formed from L-arabinose, 
D-cellobiose, L-fucose, D-galactose, D-glucose, D-lactose, 
p-maltose, D-melibiose, L-raffinose, L-rhamnose, L-sorbose, 
p-sucrose, DL-xylose, Macetylglucosamine, citrate, adon- 
itol, dulcitol, glycerol, inositol, or mannitol. r-Arabinose, 
D-lactose, D-mannose, mannitol, inositol, malonate, glucon- 
ate, caprate, malate, and phenylacetate are not utilized. 


Produces (API ZYM kit) cystine arylamidase and trypsin. Uti- 
lizes (Microlog GN2 [Biolog] system) i-erythritol, D-galactose, 
D-sorbitol, r-leucine, L-ornithine, L-phenylalanine, L-proline, 
L-pyroglutamic acid, and 2,3-butanediol but not a-cyclodex- 
trin, dextrin, glycogen, Tween 80, Macetyl-p-galactosamine, 
Nacetyl-b-glucosamine, adonitol, r-arabitol, cellobiose, 
D-fructose, L-fucose, gentiobiose, o-D-glucose, m-inositol, 
a-lactose, a-D-lactose lactulose, D-mannitol, D-melibiose, 
methyl f-p-glucoside, psicose, bD-raffinose, r-rhamnose, 
sucrose, D-trehalose, turanose, xylitol, methylpyruvate, 
monomethyl succinate, acetic acid, cisaconitic acid, citric 
acid, formic acid, p-galactonic acid, p-gluconic acid, p-glu- 
cosaminic acid, p-glucuronic acid, a-hydroxybutyric acid, 
B-hydroxybutyric acid, y-hydroxybutyric acid, phydroxyphe- 
nylacetic acid, itaconic acid, o-ketobutyric acid, a-ketoglu- 
taric acid, pr-lactic acid, malonic acid, propionic acid, quinic 
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TABLE 117. Phenotypic characteristics differentiating Roseivirga species ^^ 


E 
E E ra S 
E Š Š š 
$ t 3 & 
Characteristic x x x x 
Gliding motility = = + + 
Flexirubin type pigments production _ = + = 
Nitrate reduction + = = = 
Acetoin production + 
Temperature range for growth (°C) 4-31 4-39 4-40 12-44 
Salinity range for growth (96) 1-8 1-8 1-8 0-16 
Hydrolysis of: 
Esculin, gelatin + + = + 
DNA - * _ + 
Tween 20 = + + + 
Tween 40 + - + + 
Tween 80 = = + + 
Acid from amygdalin + = nd = 
Utilization of: 
Citrate + = nd + 
p-Galacturonic acid, glycerol, * = nd = 
DL-a-glycerol phosphate, 
inosine, thymidine 
L-Alanine - * nd _ 
L-Glutamic acid = = = 
a-Ketovaleric acid - - nd + 
Assimilation of: 
Glucose, N-acetylglucosamine, + _ _ u 
maltose, adipate 
Enzyme activity: 
a-Galactosidase + - = - 
p-Galactosidase + + _ _ 
a-Glucosidase + + _ + 
B-Glucosidase + _ - + 
N-Acetyl-B-glucosaminidase + = + + 
Lipase (C14) _ + + + 
a-Mannosidase = + = = 
Susceptibility to: 
Ampicillin + + u - 
Benzylpenicillin, streptomycin + =: = = 
Tetracycline + = + _ 
DNA G+C content (mol%) 41.3 40.2 40.3 43-45 


“Symbols: see standard definitions; nd, not detected. 


"Data are taken from Lau et al. (2006), Nedashkovskaya et al. (2005a, b), and Yoon et al. (2005). 


acid, p-saccharic acid, sebacic acid, succinic acid, bromosuc- 
cinic acid, succinamic acid, glucuronamide, alaninamide, 
p-alanine, L-alanyl glycine, L-asparagine, L-aspartic acid, 
glycyl L-aspartic acid, glycyl r-glutamic acid, r-histidine, 
hydroxy-L-proline, D-serine, L-serine, L-threonine, DL-carni- 
tine, y-aminobutyric acid, urocanic acid, uridine, phenyleth- 
ylamine, putrescine, 2-aminoethanol, glucose 1-phosphate, 
and glucose 6-phosphate. Only one strain has been isolated. 

Source: the sea urchin Strongylocentrotus intermedius in the 
Troitsa Bay, Sea of Japan. 

DNA G+C content (mol P): 41.3 (T). 

Type strain: KCTC 12370, KMM 6058, LMG 22587. 

Sequence accession no. (16S rRNA gene): AY753206. 


. Roseivirga ehrenbergii Nedashkovskaya, Kim, Lee, Lysenko, 


Shevchenko, Frolova, Mikhailov, Lee and Bae 2005a, 233%? 


eh.ren.ber'gi.i. N.L. gen. masc. n. ehrenbergii of Ehrenberg, 
named after the German biologist Christian Gottfried Ehren- 
berg (1795-1876) for his contribution to the development of 
microbiology. 

Cells are 0.3—0.5 um wide and 2.1-3.2 um long. On Marine 
agar, colonies are 2-4 mm in diameter, circular, shiny with 
entire edges and pink-pigmented. Optimal growth occurs 
at 23-25°C. No acid is formed from r-arabinose, p-cellobi- 
ose, L-fucose, D-galactose, D-glucose, D-lactose, D-maltose, 
p-melibiose, L-raffinose, p-sucrose, r-rhamnose, DL-xylose, 
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adonitol, dulcitol, glycerol, inositol, mannitol, or sorbitol. The 
following substrates are not utilized: p-lactose, D-mannose, 
D-sucrose, mannitol, inositol, sorbitol, malonate, gluconate, 
caprate, malate, or phenylacetate. Utilizes (Microlog GN2 
[Biolog] system) glycogen, r-arabinose, methyl pyruvate, 
a-ketoglutaric acid, glucuronamide, alaninamide, r-alanyl- 
glycine, L-asparagine, L-aspartic acid, glycyl-L-aspartic acid, 
L-histidine, L-ornithine, L-proline, L-serine, L-threonine, and 
putrescine. API ZYM galleries indicate the presence of cystine 
arylamidase and trypsin. 

Source: the green alga Ulva fenestrata collected in the 
Pallada Bay of the Gulf Peter the Great of the Sea of Japan. 

DNA G+C content (mol % ): 40.2 (T). 

Type strain: JOM 13514, KCTC 12282, KMM 6017, LMG 
22567. 

Sequence accession no. (16S rRNA gene): AY608410. 


3. Roseivirgaseohaensis Lau, Tsoi, Li, Plakhotnikova, Dobretsoy, 
Wu, Wong, Pawlik and Qian 2006, 1064” (Marinicola seohaensis 
Yoon, Kang, Lee and Oh 2005, 862") 


seo.ha.en'sis. N.L. fem. adj. seohaensis of Seohae, the Korean 
name for the Yellow Sea in Korea, from where the organism 
was isolated. 


Cells are 0.2-0.3 um wide and 2.0-4.0 um long and move 
by gliding. On marine agar, colonies are 1-2 mm in diameter, 
circular, shiny with entire edges, and pink-orange in color. 
Optimal growth is observed at 30°C and with 2-396 NaCl. 
Tween 60 is hydrolyzed but not hypoxanthine, xanthine, 
or L-tyrosine. No acid is formed from r-arabinose, p-cello- 
biose, D-fructose, L-fucose, D-galactose, D-glucose, p-actose, 
p-maltose, D-mannose, D-melibiose, p-melezitose, p-raffinose, 
L-rhamnose, D-ribose, D-sucrose, D-trehalose, D-xylose, 
Nacetylglucosamine, adonitol, p-sorbitol, myo-inositol, or 
p-mannitol. The following substrates are not utilized: L-ara- 
binose, p-lactose, D-mannose, D-sucrose, D-ribose, inositol, 
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mannitol, sorbitol, pr-aspartate, L-leucine, or L-proline. 
Cystine arylamidase and trypsin are not produced. Suscep- 
tible to chloramphenicol, doxycycline, and erythromycin. 
Polar lipids are phosphatidylethanolamine, diphosphatidylg- 
lycerol, an unidentified glycolipid, an unidentified phospho- 
lipid, and a ninhydrin-positive lipid. 

Source: seawater of the Yellow Sea, Korea. 

DNA G+C content (mol % ): 40.3 (HPLC). 

Type strain: SW-152, KCTC 12312, JCM 12600. 

Sequence accession no. (16S rRNA gene): AY799665. 


4. Roseivirgaspongicola Lau, Tsoi, Li, Plakhotnikova, Dobretsov, 
Wu, Wong, Pawlik and Qian 2006, 1063"" 


spon.gi'co.la. L. n. spongos -i sponge; L. masc./fem. suff. -cola 
(from L. n. incola) inhabitant; N.L. n. (nominative in apposi- 
tion) spongicola inhabitant of sponges. 

Cells are 0.5 um in width and 2.0 um in length and move 
by gliding. On Marine agar, colonies are pink, 2-4 mm in 
diameter, and circular with entire edges. Growth occurs 
at pH 5.0-10.0. Optimal growth is observed at 20-30°C. 
Tween 60 is hydrolyzed but not hypoxanthine, xanthine, or 
L-tyrosine. No acid is formed from L-arabinose, p-cellobiose, 
D-fructose, L-fucose, D-galactose, D-glucose, D-lactose, p-malt- 
ose, D-mannose, D-melibiose, Dp-melezitose, p-raffinose, 
L-rhamnose, D-ribose, D-sucrose, D-trehalose, p-xylose, 
N-acetylglucosamine, adonitol, D-sorbitol, myo-inositol, or 
p-mannitol. The following substrates are not utilized: L-ara- 
binose, p-lactose, D-mannose, D-sucrose, D-ribose, inositol, 
mannitol, sorbitol, DL-aspartate, L-leucine, or L-proline. Cys- 
tine arylamidase and trypsin are not produced. Susceptible 
to chloramphenicol, doxycycline, and erythromycin. 

Source: the marine sponge Tedania ignis in the Bahamas. 

DNA G+C content (mol % ): 43.7 (HPLC). 

Type strain: UST030701-084, JCM 13337, NRRL B-41219. 

Sequence accession no. (16S rRNA gene): DQ080996. 
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Order Il. Incertae sedis 


The genera Rhodothermus and Salinibacter were previously assigned 
to the “Crenotrichaceae’ by Garrity et al. (2005), but subsequent 
analyses transferred Crenothrix to the Proteobacteria. Phylogenetic 
analyses of the 16S rRNA suggests that these genera represent a very 
deep group and are only distantly related to any of the previously 
described orders within the Bacteroidetes. In view of their ambiguous 
status, they have been assigned to their own order incertae sedis. 
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Family |. Rhodothermaceae fam. nov. 


WOLFGANG LUDWIG, JEAN EUZÉBY AND WILLIAM B. WHITMAN 


Rho.do.ther.ma.ce’a.e. N.L. masc. n. Rhodothermus type genus of the family; suff. -aceae ending 
to denote a family; N.L. fem. pl. n. Rhodothermaceae the Rhodothermus family. 


Straight or curved rods that stain Gram-negative. Nonmotile 
or motile with flagella. Chemoheterotrophic aerobes that 
preferentially utilize sugars or amino acids. Catalase-positive. 
Most strains form red or orange colonies, due to a carote- 
noid pigment. Moderately (0.6 to >6% NaCl) or extremely 
halophilic (>15% NaCl). May be thermophilic, growing at 


54-77°C, or mesophilic Common habitats include hot springs 
and salterns. 

DNA G+C content (mol % ): 64—68. 

Type genus: Rhodothermus Alfredsson, Kristjansson, Hjörleif- 
sdottir and Stetter 1995, 418” (Effective publication: Alfreds- 
son, Kristjansson, Hjórleifsdottir and Stetter 1988, 304.). 
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Genus |. Rhodothermus Alfredsson, Kristjansson, Hjórleifsdottir and Stetter 1995, 418" (Effective 
publication: Alfredsson, Kristjansson, Hjörleifsdottir and Stetter 1988, 304.) 


THE EpiroRIAL BOARD 


Rho.do.ther'mus. Gr. n. rhodon rose; Gr. masc. adj. thermos hot; N.L. masc. n. Rhodothermus the red 


thermophile. 


Straight rods about 0.5 x 2.0-2.5 um, with curved ends. Occur 
singly, never in chains or filaments. Nonmotile. Gram-stain- 
negative. A slime capsule is formed on carbohydrate-rich 
medium. Most strains form red colonies, due to a carote- 
noid pigment. Colonies are low convex, 3-4 mm in diam- 
eter with an entire edge. Aerobic. Thermophilic, growing 
at 54—77°C. Neutrophilic. Heterotrophic. Growth is strictly 
salt-dependent, occurring in the range of 0.6 to >6% NaCl. 
Catalase-positive. The oxidase reaction varies among strains. 
No dissimilatory nitrate reduction occurs. Growth occurs on 
most common sugars. The major cellular fatty acids are C,, 
iso, C,, anteiso, C,, iso and C,, anteiso. The major quinone is 
menaquinone 7. The habitat is submarine freshwater alkaline 
hot springs, marine hot springs, geothermal sites, and bore- 
hole effluents. 

DNA G+C content (mol % ): 64-66 (T). 

Type species: Rhodothermus marinus Alfredsson, Kristjans- 
son, Hjórleifsdottir and Stetter 1995, 418%” (Effective publica- 
tion: Alfredsson, Kristjansson, Hjórleifsdottir and Stetter 1988, 
304; Rhodothermus obamensis Sako, Takai, Ishida, Uchida and 
Katayama 1996, 1103.). 


Further descriptive information 


Although Rhodothermus marinus is considered to be nonmotile, 
the presence of a polar flagellum has been reported (Nunes 
et al., 1992a). 

Red colonies are formed by most strains of Rhodothermus mari- 
nus, but two distinct subgroups of colorless isolates that were 
correlated with their geographic origin were found by Peturs- 
dottir et al. (2000). 

Rhodothermus marinus accumulates osmolytes in response to 
increasing salinity of its growth medium. Mannosylglycerate, 
which occurs in some hyperthermophilic organisms and pro- 
tects enzymes against inactivation by temperature and freeze- 
drying (Ramos et al, 1997), accumulates in Rhodothermus 
marinus in response to growth at supraoptimal temperature 
and salinity. The amide form, mannosylglyceramide, which has 
been found only in Rhodothermus marinus (Santos and da Costa, 
2002), accumulates exclusively in response to salt stress (Nunes 
et al., 1995; Silva et al., 1999). Martins et al. (1999) elucidated 
the biosynthetic pathways of mannosylglycerate in Rhodother- 
mus marinus and characterized the enzyme mannosylglycer- 
ate synthase, which catalyzes the final step in the synthesis of 
mannosylglycerate. Rhodothermus marinus is the only organism 
known to have two distinct pathways for the synthesis of manno- 
sylglycerate: a two-step pathway and a single-step pathway. The 
level of mannosylglycerate synthase involved in the single-step 
pathway was selectively enhanced by heat stress, whereas man- 
nosylglyceramide was overproduced in response to osmotic 
stress. The two alternative pathways for the synthesis of manno- 
sylglycerate are regulated differently at the level of expression 
to play specific roles in the adaption of Rhodothermus marinus to 
two different types of stress (Borges et al., 2004). 


Rhodothermus marinus is noted for its production of thermo- 
stable enzymes; a detailed review has been provided by Bjorns- 
dottir et al. (2006). Some examples of the most heat-tolerant 
enzymes and their optimum temperature for activity include 
cellulase (100°C; Halldorsdottir et al., 1998); B-glucanase (85°C; 
Spilliaert et al., 1994); laminarinase (85°C; Krah et al., 1998); 
mannanase (85°C; Politz et al., 2000), mannosylglycerate 
synthase (85-90*C; Martins et al., 1999), and xylanase (80°C; 
Nordberg Karlsson et al. (1997, 1998). 

The original isolation of Rhodothermus marinus was from 
submarine alkaline freshwater hot springs in Iceland by 
Alfredsson et al. (1988). Additional strains have since been iso- 
lated from various marine hot springs, geothermal sites, and 
borehole effluents. Nunes et al. (1992a) isolated ten strains 
from hot springs on a beach on the island of Sao Miguel, 
Azores. Moreira et al. (1996) isolated Rhodothermus marinus 
from hot springs in Naples, Italy. Petursdottir et al. (2000) iso- 
lated 81 strains from four different geothermal sites in Iceland. 
These locations were coastal springs at Reykjanes in Isafjard- 
ardjup in northwest Iceland, an effluent from the geothermal 
power plant at the Blue Lagoon in southwest Iceland, the efflu- 
ent from the salt factory at Reykjanes in southwest Iceland, and 
coastal springs and effluent from a borehole in Oxarfjordur in 
northeast Iceland. 

Petursdottir et al. (2000) found that even though Rhodo- 
thermus marinus strains were isolated at different geographic 
locations, they exhibited a close genetic relatedness, based on 
high DNA-DNA reassociation values (>68%) and almost iden- 
tical 16S rRNA gene sequences. However, other measures of 
genetic diversity, viz., ribotyping and pulsed-field gel electro- 
phoresis (Moreira et al., 1996) and electrophoretic analysis of 
allelic variation in 13 genes encoding enzymes (Pétursdóttir 
et al., 2000) have indicated a relatively high degree of genetic 
variance. Petursdottir et al. (2000) concluded that this variance 
is most likely the result of genetic changes occurring indepen- 
dently in the different geographic locations studied. 

Tindall (Tindall, 1991) reported that the major cellular fatty 
acids of Rhodothermus marinus were iso-even, i.e., C,, iso, C,, iso, 
and C, iso, in the type strain and another strain. Contrasting 
results were reported by Nunes et al. (1992b), who found the 
predominant acids to be iso-odd, i.e., C,, iso and C,, iso) and 
anteiso-odd (C, and C,.) in the type strain and in the type strain 
and four other strains. Chung et al. (1993) found that the cul- 
ture medium affected the fatty acid composition of five strains 
of Rhodothermus marinus. They cultured the organisms on four 
different media: basal salts medium 162 (Degryse et al., 1978) 
supplemented with yeast extract plus tryptone (medium A); 
yeast extract plus sodium glutamate (medium B); yeast extract 
alone (medium C) and glutamate alone (medium D). In media 
A and C, branched-chain C,, iso and C,, iso fatty acids were the 
major fatty acids, and C,, iso and normal-chain fatty acids were 
minor components. In medium B, the relative proportion of C,, 
iso increased to high levels. Glutamate had a profound effect on 
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the fatty acid composition: in medium D, with glutamate as sole 
source of carbon and energy, normal-chain C,, constitued the 
major component, and normal-chain fatty acids reached about 
50% of the total fatty acids. Moreira et al. (1996) reported that 
the fatty acid composition of 21 strains of Rhodothermus mari- 
nus isolated from three different locations, including a nonpig- 
mented variant, were all highly similar. The medium used was 
agar-solidified basal salts medium 162 supplemented with NaCl, 
tryptone, and yeast extract. The major fatty acids were iso- and 
anteiso-branched fatty acids. Under the conditions used, C,,,, 
iso was the major fatty acid, but C; anteiso was also relatively 
high. 

Pereira et al. (2004) summarized the types of respiratory 
complexes from thermophilic aerobic prokaryotes. The com- 
ponents so far identified in the respiratory chain of Rhodother- 
mus include NADH:quinone oxidoreductase type 1 (NDH-1); 
succinate:quinone oxidoreductasae (type B) ; quinol:cytochrome 
c oxidoreductase bc a caa3 oxygen reductase (type A2) and a 
cbb3 oxygen reductase (type C); menaquinone 7; and HiPIP 
(the electron carrier between the bc complex and the caa3 oxy- 
gen reductase). 

The genome size of Rhodothermus marinus is approximately 
3.8-3.6 Mbp (Moreira et al., 1996). A gene transfer system for 
Rhodothermus marinus has been established by Bjornsdottir et al. 
(2005). 

A thorough review of the physiology and molecular biology 
of Rhodothermus has been given by Bjornsdottir et al. (2006). 


Enrichment and isolation procedures 


Alfredsson et al. (1988) isolated Rhodothermus marinus from 
samples collected directly from the openings of alkaline sub- 
marine hot springs in Iceland at a depth of 2-3 m. It was not 
possible to exclude seawater completely when sampling. The 
samples, which consisted of fine gravel and water, were kept 
refrigerated until processed further. Water samples were filtered 
directly, but sand and gravel samples were washed with sterile 
seawater, which was then filtered through membrane filters 
having a pore size of 0.45 um. The filters were put on plates 
containing nutrient agar medium 162 of Degryse et al. (1978) 
containing 3% (w/v) NaCl and incubated at 72°C for 4 d. Red- 
pigmented colonies were selected and purified by streaking 
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onto the same medium. The bacteria were routinely cultured 
on nutrient agar medium 162 containing 1% NaCl. 

Sako et al. (1996) obtained strains previously classified as 
Rhodothermus obamensis from samples of effluent water and 
sediment from hydrothermal vents and sedimentary materials 
adjacent to vents. The samples were inoculated into a series 
of media, including Jx medium.* All of the Jx medium tubes 
containing sediment were turbid after 1 d of incubation at 
80°C. Cultures were then streaked onto Jx medium plates and 
incubated at 70°C. Well-defined colonies were streaked onto 
another plate, and this plate was incubated at 70°C. This pro- 
cedure was repeated at least five times and red colonies were 
selected. 


Differentiation of the genus Rhodothermus 
from other genera 


The combination of a high optimum temperature and a salt 
requirement distinguish Rhodothermus from other genera in 
the Bacteroidetes. The other aerobic thermophilic genus in this 
phylum is Thermonema, some strains of which require a low con- 
centration of Na*. Rhodothermus can also be differentiated from 
Thermonema by its lack of filament formation and its ability to 
use most common sugars and starch. 


Taxonomic comments 


Sako etal. (1996) isolated a thermophilic bacterium from a shal- 
low marine hydrothermal vent environment in Tachibana Bay, 
Japan, that belonged to the genus Rhodothermus on the basis of 
rRNA gene sequencing. This organism was named Rhodothermus 
obamensis. However, Silva et al. (2000) reported that the type 
strain of Rhodothermus obamensis, JCM 9785, has a DNA-DNA 
reassociation value of 78% with the type strain of Rhodothermus 
marinus, DSM 4252. On the basis of the DNA-DNA reassocia- 
tion value, 16S rRNA gene sequence comparison, and fatty acid 
profiles, Silva et al. concluded that Rhodothermus obamensis and 
Rhodothermus marinus represent the same species and that the 
name Rhodothermus obamensis should be regarded as a later syn- 
onym of Rhodothermus marinus. 

Anton et al. (2002) reported that the Rhodothermus marinus 
was the closest cultivated relative of Salinibacter ruber, with a 16S 
rRNA gene sequence similarity of about 89%. 


List of species of the genus Hhodothermus 


1. Rhodothermus marinus Alfredsson, Kristjansson, 
Hjórleifsdottir and Stetter 1995, 418V" (Effective publica- 
tion: Alfredsson, Kristjansson, Hjórleifsdottir and Stetter 
1988, 304; Rhodothermus obamensis Sako, Takai, Ishida, 
Uchida and Katayama 1996, 1103V") 


ma.ri'nus, L. masc. adj. marinus of the sea, marine. 


The characteristics are as given for the genus, with the fol- 
lowing additional features. Optimum temperature is 65-80°C. 
Optimum pH is 7; optimum NaCl concentration is 2-396. 
Growth occurs in the presence of 5-6% NaCl. The major cel- 
lular fatty acid components are anteiso- and C,, and anteiso- 
and C,, acids, and the major quinone is menaquinone 7, with 


smaller amounts of menaquinones 6 and 5 (Sako et al., 1996). 
The natural habitat is submarine alkaline hot springs. 

Source: the type strain was isolated from a marine hot 
spring at Reykjanes, NW Iceland. 

DNA G«C content (mol % ): 65-67 (T). 


Type strain: ATCC 43812, DSM 4252. 
Sequence accession no. (16S rRNA gene): AF17493. 


*Jx medium contains (per liter): Jamarin S synthetic seawater powder (Jamarin 
Laboratory, Osaka, Japan ), 35 g; Jamarin S synthetic seawater solution, 5 ml; yeast 
extract (Difco), 1 g; and Trypticase peptone (BBL), 1 g; pH adjusted to 6.8-7.2 with 
H,SO,. 
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Genus Il. Salinibacter Antón, Oren, Benlloch, Rodríguez-Valera, Amann and Rosselló-Mora 2002, 490"? 


JOSEFA ANTON, RUDOLF Amann AND Ramon RossELLÓ-MoRA 


Sa.li.ni.bac’ter. L. fem. pl. n. salinae salterns, salt-works; N.L. masc. n. bacter masc. equivalent of the Gr. 
neut. n. baktron a rod; N.L. masc. n. Salinibacter a rod from salt-works. 


Rod-shaped, often slightly curved. Gram-stain-negative. Motile 
by means of flagella. Obligately aerobic. Catalase- and oxidase- 
positive. Nitrate is not reduced. Extremely halophilic, requiring 
at least 15% NaCl (w/v) to grow; optimum, 20-30%. Chemo- 
heterotrophic. Grows best at low substrate concentrations; high 
levels of organic compounds may be inhibitory. Amino acids 
are the preferred substrates for growth. Salinibacter strains 
form a deep branch of the phylum Bacteroidetes of the domain 
Bacteria. Colonies are bright red/orange-pigmented. Among 
the most salt-tolerant and salt-requiring strains within the bac- 
terial domain. 

DNA G+C content (mol % ): 66.3-67.7 (HPLC). 

Type species: Salinibacter ruber Anton, Oren, Benlloch, 
Rodríguez-Valera, Amann and Rosselló-Mora 2002, 490%". 


Further descriptive information 


The typical cells are slightly curved rods, but larger, round struc- 
tures at the ends of the cells can also be found in some cultures 
(Figure 79). Maintenance of cell shape does not depend on the 
presence of high salt concentrations. 

Salt concentrations of at least 15% (w/v) are required and 
all strains grow at NaCl concentrations up to saturation. Salini- 
bacter apparently uses KCI to provide osmotic balance and lacks 
high concentrations of organic solutes (Oren et al., 2002). 
In this aspect, its physiology resembles that of the halophilic 
Archaea more than other aerobic bacteria. The potassium con- 
tent relative to cell protein in Salinibacter is in the same order 
as for haloarchaea (in pmol/mg: 11.4—15.2 in Salinibacter, 13.2 
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FIGURE 79. Micrograph of a Salinibacter ruber culture grown in 23% 
MGM (modified growth media with 23% total salts), showing the round 
structures that occasionally appear at the end of the cells. Picture cour- 
tesy of Dr. Mike Dyall-Smith, Max Planck Institute for Biochemistry, 
Department of Membrane Biochemistry, Am Klopferspitz 18a, Martin- 
sried D82152, Germany. Scale bar: 5 um. 


in Haloarcula marismortui, and 12.0 in Halobacterium salinarum). 
The only other Bacteria known to use KCI rather than organic 
solutes to provide osmotic balance are the anaerobic fermen- 
tative members of the order Halanaerobiales. The optimal pH 
range for growth is 6.5-8.0 with an optimum temperature of 
35-45°C. Under optimal growth conditions, the generation 
time is 14-18 h. 

Although the original description of Salinibacter ruber stated 
that simple sugars and organic acids (acetate, succinate) did 
not support growth as sole carbon and energy sources, Oren 
and Mana (2003) showed that the addition of glucose, maltose, 
and starch to a medium with yeast extract had a pronounced 
stimulatory effect on growth. However, sugars are not the pre- 
ferred growth substrates and their consumption starts after the 
exhaustion of other substrates (Oren and Mana, 2003). Glyc- 
erol is probably a readily available carbon and energy source in 
hypersaline water bodies, for it is produced in high quantities 
as an osmotic solute by unicellular green algae of the genus 
Dunaliella (Oren, 2005). However, the use of radioactive sub- 
strates did not indicate an ability of Salinibacter to metabolize 
glycerol during a period of 24-48 h (Rosselló-Mora et al., 2003). 
On the other hand, Sher et al. (2004) showed that growth in 
pure culture is stimulated by glycerol, although glycerol alone 
was not sufficient to support growth. After 190 h of incubation, 
25% of the radioactive label was incorporated into the cells, 
with part of the glycerol transformed into CO,. As with halo- 
archaea, Salinibacter proteins showed a high content of acidic 
amino acids, a low amount of basic amino acids, a low con- 
tent of hydrophobic amino acids, and a high content of ser- 
ine (Oren and Mana, 2002). In addition, biochemical studies 
of enzymes such as NAD-dependent isocitrate dehydrogenase, 
NADP-dependent isocitrate dehydrogenase, NAD-dependent 
malate dehydrogenase, NAD-dependent glutamate dehydro- 
genase, and two distinct glutamate dehydrogenases showed 
that Salinibacter enzymes are adapted to function in the pres- 
ence of high salt concentrations (Bonete et al., 2003; Oren and 
Mana, 2002). On the other hand, Madern and Zaccai (2004) 
found that malate dehydrogenase behaves like a non-halophilic 
protein, since it is completely stable in the absence of salts, its 
amino acid composition does not display the strong acidic char- 
acter specific of halophilic proteins, and its activity is reduced 
by high salt concentration. As pointed out by Oren (2005), 
the general trend of salt dependence of Salinibacter proteins is 
clear, although there are significant differences for individual 
enzymes. 

Salinibacter is sensitive to penicillin G, ampicillin, chloram- 
phenicol, streptomycin, novobiocin, rifampin and ciprofloxa- 
cin. No growth inhibition was found with kanamycin, bacitracin, 
tetracycline and colistin. The cells are resistant to anisomycin 
and aphidicolin, two potent growth inhibitors of halophilic 
Archaea of the order Halobacteriales. 

Salinibacterharbors pigment concentrations in the same order 
of magnitude as halophilic Archaea (Oren and Rodríguez-Valera, 
2001). The principal pigment of Salinibacter is salinixanthin, 
a C40-carotenoid acyl glycoside [(all-E, 2'S)-2'-hydroxy-1"-[6- 
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O-(13-methyltetradecanoyl)-B-b-glycopyranosyloxy]-3',4'- 
didehydro-1',2'-dihydro-,y-caroten-4-one], that accounts for 
more than 96% of the total pigments (Lutnzes et al., 2002). The 
remarkable structural conformity between salinixanthin and 
the major carotenoid acyl glucoside from Rhodothermus mari- 
nus is consistent with the 16S rRNA phylogeny (Lutnzes et al., 
2004). Brightred pigmentation is common in microorgan- 
isms inhabiting salt lakes and saltern ponds; for instance, the 
Halobacteriaceae possess bacterioruberins, and Dunaliella, syn- 
thesizes B-carotene. Thus, colony color alone is not a reliable 
trait to allow classification of extremely halophilic prokaryotes 
as members of the domains Archaea or Bacteria. 

Salinibacter has a membrane lipid composition with glycero- 
phospholipids containing ester-linked fatty acyl chains that are 
typical of Bacteria. According to Pena et al. (2005) the major 
lipids in Salinibacter ruber strains are diphosphatidylglycerol 
and the unknown polar lipid L7. Phosphatidylethanolamine, 
as well as three unknown glycolipids, several polar lipids, and 
one phospholipid were usually found in moderate to minor 
amounts. Contrary to previous observations (Oren et al., 2004), 
no phosphatidylglycerol was detected nor could phosphati- 
dylcholine (PC) be unambiguously identified in any of the 
17 Salinibacter ruber strains analyzed. In addition, a spot stain- 
ing with Dragendoff reagent (specific for quaternary nitrogen 
found in PC but rarely in other lipids) with similar but not iden- 
tical chromatographic behavior was found also by Peña et al. 
(2005). Salinibacter ruber M31 contains a novel sulfonolipid with 
the structure 2-carboxy-2-amino-3-O-(13'-methyltetradecanoyl)- 
4-hydroxy-18-methylnonadec-5-ene-1-sulfonic acid. This lipid 
accounts for 10% of total cellular lipids and appears to be a 
structural variant of sulfonolipids found in the cell walls of glid- 
ing Cytophaga and diatoms (Corcelli et al., 2004). A peak at m/z 
660, corresponding to this sulfonolipid, has been proposed as 
the lipid signature of Salinibacter. 

The genome of the type strain of the type species, Salinibacter 
ruber M31, has been completely sequenced by Mongodin et al. 
(2005). It harbors one 3,551,823 bp chromosome (62.29 mol% 
G+C, slightly lower, but in good agreement with earlier HPLC 
measurements) and one plasmid of 35,505 bp (57.9 mol% 
G+C) containing 2934 and 33 ORFs, respectively. The calcu- 
lated isoelectric point (5.2) for the proteome of Salinibacter is 
nearer to those of haloarchaea than its closest sequenced rela- 
tives, Bacteroides fragilis and Chlorobium tepidum. M31, as do all 
other 16 strains characterized so far (Pena et al., 2005), has a 
single rRNA operon. The 16S rRNA gene sequence is almost 
identical for all the analyzed Salinibacter ruber strains, while the 
similarity for their 16S-23S gene spacer regions is above 97% 
(Pena et al., 2005). 

Embden-Meyerhoff glycolytic pathway genes have been found 
in the chromosome, contrary to previous growth studies that sug- 
gested that Salinibacter uses the classic Entner-Doudoroff pathway 
for catabolism of glucose (Oren and Mana, 2003). Genes related 
to the transport and metabolism of glycerol and glycine betaine, 
as well as some genes related to adaptions to microoxic environ- 
ments have been annotated. One so-called “hypersalinity island" 
encoding proteins of crucial importance to a hyperhalophilic life- 
style (such as K* uptake/efflux systems and cationic amino acid 
transporters) was also found. The M31 genome harbors genes 
encoding four retinal proteins: halorhodopsin (Antón et al., 
2005), two sensory rhodospins and xanthorhodopsin (Balashov 
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et al., 2005). Genome analysis suggested that the convergence 
on an aerobic hyperhalophilic lifestyle between haloarchaea and 
Salinibacter has arisen through convergence at the physiological 
level (different genes producing similar overall phenotype) and 
the molecular level (independent mutations yielding similar 
sequences or structures). Mongodin et al. (2005) hypothesize 
that several genes and gene clusters might have suffered lateral 
transfer from (or may have been laterally transferred to) halo- 
archaea, although the total number of apparent lateral gene 
transfers between Salinibacter and haloarchaea appears to be 
modest. Without a doubt, one of the most striking features of 
Salinibacter is the presence of xanthorhodopsin (XR), a proton 
pump with a light-harvesting carotenoid antenna XR contains 
two chromophores, retinal and salinixanthin, in a molar ratio 
of about 1:1. Light energy absorbed by the carotenoid is trans- 
ferred to the retinal, extending the wavelength range of the 
collection of light for uphill transmembrane proton transport. 
Thus XR shares characteristics with the archaeal (e.g., bacterior- 
hodopsin and archaeorhodpsin), bacterial (proteorhodopsin), 
and eukaryal (letospheria rhodopsin) retinal-based light-driven 
proton pumps, as well as with the chlorophyll-based light-harvest- 
ing complexes and reaction centers. As pointed out by Balashov 
et al. (2005), *the XR complex represents the simplest electro- 
genic pump with an accessory antenna pigment, and it might be 
an early evolutionary development in using energy transfer for 
energy capture." Strictly speaking, heterotrophy is not the only 
source of energy for Salinibacter ruber M31. 

In 2000, the high abundance and growth of a group of 
uncultured Bacteria was reported for samples from crystallizer 
ponds (salinity 30-37%) in a saltern in Alicante, Spain. This 
group, that was then named as “Candidatus Salinibacter" gen. 
nov. accounted for 5-25% in crystallizers from different loca- 
tions and was affiliated with the phylum Bacteroidetes (Antón 
et al., 2000). This study followed the first evidence that Bacteria 
could be present in high numbers in crystallizer ponds that was 
reported in 1999 with the use of fluorescence in situ hybridiza- 
tion (FISH) with Archaea- and Bacteria-specific probes (Antón 
et al., 1999). This kind of approach allows for direct quantifica- 
tion of prokaryotes in the environment and lacks the pitfalls 
associated with a PCR based approach. FISH with Bacteria- 
specific probes showed that this group accounted for 11-18% 
in crystallizer samples from a Spanish solar saltern. The finding 
of abundant Bacteria with high cellular rRNA content in such a 
hypersaline environment was unexpected in light of previous 
reports that suggested that almost all the active biomass was of 
archaeal origin. In a pioneering study of the molecular micro- 
bial ecology of the salterns using a PCR-based approach, Mar- 
tínez-Murcia et al. (1995) reported that the bacterial population 
present in crystallizers was very different (based on similarities 
of 16S rDNA-RFLP) from the populations inhabiting lower 
salinity ponds. Although these authors stated that crystallizers 
probably represented an extremely specialized niche for Bacte- 
ria, they also pointed out that only a very small proportion of 
the crystallizer biomass could correspond to Bacteria, and that 
the bacterial DNA detected by PCR could come from allochtho- 
nous microbiota carried over from lower salinity ponds. In 1995, 
Benlloch et al. analyzed 16S rRNA gene clone libraries from a 
crystallizer pond and obtained five bacterial clones that were 
partially sequenced (around 200 bp); all were related (82.6— 
83.6% similarities) to the o-proteobacterium Rhodopseudomonas 
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marima. These sequences (accession nos: X84322, X84323 and 
X84524) could indeed correspond to Salinibacter since they 
have from 89 to 96% similarity with Salinibacter ruber in the 
analyzed 16S rRNA gene sequence fragment. However, the 
authors pointed out that “considering the salt concentration 
in the pond (30.8%) no known Bacteria could be physiologi- 
cally active”. Indeed, the idea that only Archaea could thrive in 
hypersaline environments was very strong. We must point out, 
however, that direct proof of activity of Salinibacter species in 
the highest salinity (37%) ponds has not been obtained so far. 
In fact, Gasol et al. (2004) found that above 32% salinity, all 
the prokaryotic activity was carried out by haloarchaea in the 
very same saltern ponds where Salinibacter ruber represented 
up to 18% of the DAPI (4',6-diamidino-2-phenylindole) counts 
(total counts). This observation is based on the assumption that 
Salinibacter species are not inhibited by taurocholate, which is a 
potent haloarchaeal inhibitor. 

The occurrence of Salinibacter in the environment has been 
studied by several methods: FISH (Anton et al., 2000; Rosselló- 
Mora et al., 2003), pigment analysis (Oren and Rodriguez- 
Valera, 2001), total DNA melting profiles and reassociation 
techniques (Ovréas et al., 2003), Denaturing gradient gel elec- 
trophoresis (DGGE) (Benlloch et al., 2002), and 16S rRNA gene 
clone library analysis, among others. These techniques show 
that there is a considerable degree of microdiversity among the 
environmental sequences related to Salinibacter ruber. Using the 
above-mentioned culture-independent approaches, Salinibacter 
has been found in crystallizer pond salterns from locations in 
Santa Pola (mainland Spain), Balearic (Mallorca and Ibiza) 
and Canary Islands, which accounted for 5-27% of the total 
prokaryotic community. In Santa Pola salterns, Salinibacter was 
not detected in ponds having up to 22.4% salinity, whereas it 
was found in increasingly high numbers (3.5-12%) in three 
ponds of 25, 31.6 and 37% salinity. The Salinibacter lipid sig- 
nature peak at m/z 660 was evident in the ESI-MS profile in 
the lipid extract from a crystallizer pond in the Margherita di 
Savoia salterns (Italy) (Corcelli et al., 2004), indicating the pres- 
ence of Salinibacter in this environment. In some instances, e.g., 
Andean and Eilat (Israel) salterns, Salinibacter was not detected 
by culture-independent analyses, although it could be readily 
isolated (Elevi-Bardavid et al., 2007; Maturrano et al., 2006). 
Although crystallizers are the most frequently reported habitat 
for Salinibacter, sequences with a similarity of 92-97% to those 
of Salinibacter were very abundant in 16S rRNA gene libraries 
constructed with DNA extracted from the different layers of 
an endoevaporite (crystallized gypsum-halite matrix in near- 
saturated salt water) from salt-works in Guerrero Negro, Mex- 
ico (Spear et al., 2003). Partial 16S rRNA gene sequences with 
similarities of less than 9296 to Salinibacter have been retrieved 
from biofilms colonizing ancient limestone Mayan monuments 
in Uxmal (Mexico) (Ortega-Morales et al., 2004). Salinibacter 
16S rRNA gene sequences were also found in clone libraries 
obtained from a hypersaline endoevaporite microbial mat 
from Eilat salterns (Sørensen et al., 2005). These sequences 
were most abundant in the green layer of the mat. Finally, 16S 
rRNA gene sequences that fall within the radiation of the genus 
Salinibacter, but represent distinct novel lineages have been 
recovered from evaporite crusts in brine pools at the Badwater 
site in Death Valley National Park, California (Elevi-Bardavid 
et al., 2007). Isolates having 93-9496 16S rRNA gene similarity 
with Salinibacter ruber have been obtained from these samples 
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(Hollen et al., 2003). These authors claimed that they have iso- 
lated a new species of Salinibacter. 


Enrichment and isolation procedures 


The strains used for the genus description and for intraspecific 
comparative analyzes, were all isolated by plating dilutions of 
crystallizer samples on agar plates. They were recognized as 
members of the genus by 16S rRNA gene analysis or by polar 
lipids thin layer chromatography (TLC). The fact that Salini- 
bacter is insensitive to the haloarchaeal inhibitors anisomycin 
and bacitracin has been used to design selective enrichment 
and isolation protocols (Elevi-Bardavid et al., 2007). 
Strains of Salinibacter can be preserved by lyophilization. 


Differentiation of the genus Salinibacter from closely 
related genera 


No extreme halophiles are known so far among taxa closely 
related to Salinibacter, thus the differentiation from these taxa 
can be made on the basis of salt needed for optimum growth. 
However, Salinibacter shares its habitats with haloarchaea (i.e., 
the family Halobacteriaceae). Interestingly, there is a surpris- 
ing similarity between these two groups: both are aerobic 
heterotrophs, maintain high intracellular K* concentrations, 
require high salt concentrations for growth with optima in the 
range of 12-25% total salts, are red pigmented, and have a 
similar mol% G+C content of their DNA. For these reasons, 
Salinibacter can be easily mistaken as haloarchaea based only 
on phenotypic characteristics. Therefore, we recommend 
phylogenetic identification as the easiest way to identify Salini- 
bacter strains. Lipid and pigment analyzes (Elevi-Bardavid et al., 
2007) can also be used for strain identification. 


Taxonomic comments 


The closest 16S rRNA sequence similarity (86.4%) relative to 
Salinibacter is Rhodothermus, a genus of slightly halophilic (opti- 
mum 0.5-2% NaCl), thermophilic (optimum 65-70°C) bacte- 
ria isolated from marine hot springs (Alfredsson et al., 1988). 
The phylogenetic branch comprising the two genera Salinibacter 
and Rhodothermusbifurcates close to the divergence node between 
the two main phyla Bacteroidetes and Chlorobi. This observation 
made upon 165 rRNA gene sequence analysis has been corrobo- 
rated by the use of independent phylogenetic approaches based 
on concatenating two sets of 22 and 74, respectively, protein 
sequences (Soria-Carrasco et al., 2007). From the single protein 
phylogenies it can be observed that in nearly 3096 of the cases 
the affiliation was with Chlorobi. This may be an indication of an 
early divergence from Bacteroidetes, and a future classification as 
a single phylum cannot be discarded (Figure 80). 


Note added in proof. A novel halophilic member of the Bacte- 
roidetes, Salisaeta longa gen. nov., sp.nov., was published after accep- 
tance of the present chapter. It is able to grow at concentrations 
of 5-20% NaCl, with an optimum at 10% plus 5% MgCl-6H,O 
and has been described as halophilic (not extremely halophilic, 
as Salinibacter ruber). The 16S rRNA genes of Salinibacter ruber and 
Salisaeta longa have 88.3% similarity and thus, according to this 
parameter, this new species is now the closest relative of Salinibacter 
ruber, instead of Rhodothermus marinus. They can be differentiated 
based on their morphology, 16S rRNA gene sequences and salt 
optimum needed for growth, among other characteristics. How- 
ever, a 16S rRNA primer originally designed as specific for Salini- 
bacter ruber (Antón et al., 2002) is no longer specific. 
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Salinibacter sp., AJ242998, EHB-2 


Salinibacter ruber, AF323500, DSM 13855 


Rhi. obamensis X95071, DSM12299 
Rht. marinus, X80994, DSM 4252 


Chlorobi 


FIGURE 80. ‘Tree reconstruction based on 16S rRNA gene sequences showing the affiliation of Salinibacter ruber 
strain M31 with its closest relative genus Rhodothermus, and to the hitherto uncultured Salinibacter species EHB-2 
(Antón et al., 2000). The tree also shows the branch position relative to the rest of the members of the phyla Bacte- 
roidetes and Chlorobi. The reconstruction was based on a dataset of more than 50,000 primary aligned 16S rRNA 
gene structures as implemented in the ARB software package, and corresponding to the released database avail- 
able at http://www.arb-home.de (Ludwig et al., 2004). The phylogenetic analyzes were performed by using the 
sequences corresponding to all type strains of both phyla, and by using the neighbor-joining, maximum-parsimony, 
and maximumdikelihood algorithms. All treeing approaches rendered an identical topology. The bar indicates 


1046 of estimated sequence divergence. 
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List of species of the genus Salinibacter 


1. Salinibacter ruber Antón, Oren, Benlloch, Rodríguez-Valera, 
Amann and Rosselló-Mora 2002, 490V* 


ru'ber. L. masc. adj. ruber red. 


The description is as given for the genus, with the following 
additional features. 
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Order Ill. Incertae sedis 


Thermonema was previously assigned to the “Flammeovirgaceae” by 
Garrity et al. (2005), but subsequent analyses of the 165 rRNA 
suggests that it represents a very deep group and is only dis- 


tantly related to any of the previously described orders within 
the Bacteroidetes. In view of its ambiguous status, it has been 
assigned to its own order incertae sedis. 


Genus I. Thermonema Hudson, Schofield, Morgan and Daniel 1989, 487"? 


THE EprroniAL BoARD 


Ther.mo.ne'ma. Gr. adj. thermos hot; Gr. neut. n. nema a thread; N.L. neut. n. Thermonema a thermophilic 


thread. 


Apparently unicellular filaments ~0.7 um in diameter and ~ 60 
to several hundred um long. Motile by gliding. Gram-stain-nega- 
tive. Aerobic. Optimum temperature, ~60°C; poor or no growth 
occurs at 70^C. Colonies are orange (Schofield et al., 1987) or 
yellow (Tenreiro et al., 1997), depending on the medium. Cells 
possess acetone-extractable pigments with an absorbance peak 
at 450 nm. Flexirubin-type pigments are not produced. Oxi- 
dase- and catalase-positive. Aminopeptidase-positive. Casein, 
gelatin, and hippurate are hydrolyzed but not starch, xylan, or 
cellulose. Growth occurs on vitamin-free Casamino acids and 
on a mixture of the 20 natural amino acids, but not on single 
amino acids. Growth does not occur on pentoses, hexoses, 
N-acetylglucosamine, disaccharides, polyols, or organic acids. 
Na* may not be required; but if required, only low concentra- 
tions are needed. Menaquinone 7 is the major respiratory qui- 
none. Sphingolipids are present. 

Source: hot springs. 

DNA G+C content (mol % ): 47-51. 


Type species: Thermonema lapsum Hudson, Schofield, Mor- 
gan and Daniel 1989, 487°". 


Further descriptive information 


The initial isolate of Thermonema lapsum was obtained by 
Schofield et al. (1987) from hotspring water samples col- 
lected from Kuirau Park, Rotorua, New Zealand. Marteinsson 
et al. (2001) isolated seven marine strains belonging to the 
genus Thermonema from the concentrated fluid issuing from 
giant geothermal cones on the seafloor at a depth of 65 m in 
Eyjafjordur, Northern Iceland. The isolates were obtained only 
from the outer zone of the chimney, where cold seawater mixes 
into the vent fluid with increasing salinity and decreasing tem- 
perature. Mountain et al. (2003) obtained Thermonema isolates 
from sinters in New Zealand hot springs. Tenreiro et al. (1997) 
isolated Thermonema rossianum strains from saline hot springs 
along the Bay of Naples, Italy. 
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Schofield et al. (1987) indicated that colonies are orange 
on Castenholz medium D (CMD; Ramaley and Hixson, 1970). 
Tenreiro et al. (1997) reported colonies as bright yellow on 
medium 162 (Degryse et al., 1978) agar containing 1.0% NaCl. 

Patel et al. (1994) determined that the major normal fatty 
acid components of the phospholipids and lipopolysaccha- 
ride of Thermonema lapsum were (in decreasing order of abun- 
dance) C,., iso, Ci; anteiso, and C,,,. No monounsaturated 
fatty acids occurred. Tenreiro et al. (1997) reported that the 
fatty acid composition of Thermonema rossianum strains was 
dominated by C; iso and C,,, iso 3-OH. C., anteiso, C... 
iso 2-OH, and C; iso 3-OH also occurred in moderate rela- 
tive concentrations, but the concentrations of other fatty acids 
were minor or negligible. The total relative proportion of 
hydroxy fatty acids was very high, about 4076 of the total fatty 
acids. 

Homospermidine and homospermine have been detected 
in Thermonema lapsum as the major polyamines (Hamana et al., 
1992). 


15:0 


Enrichment and isolation procedures 


Schofield et al. (1987) spread hot-spring water onto Castenholz 
medium D solidified with 3% agar and incubated the cultures 
for 24 h at 70°C. Single colonies were selected, and subse- 
quent transfers grew well at 60°C but poorly at 70°C. Spreading 
occurred on media containing 1.5% agar but not 3% agar. In 
static broth cultures, the organisms grew as a pellicle that later 
formed clumps. Gliding motility was observed in hanging drop 
preparations at room temperature. 

Mountain et al. (2003) inoculated media with samples 
(0.1-1.0 ml) of water collected from sinters in New Zealand 
hot springs, and incubated the cultures at temperatures in the 
range 30-60°C. Microbial growth, as indicated by turbidity in 
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liquid media (composition not specified), or by colonies on 
agar plates, was subcultured on solid media. Pure cultures were 
stored in glycerol at -80*C. 

Tenreiro et al. (1997) isolated Thermonema rossianum strains 
from saline hot springs along the Bay of Naples, Italy. Water 
samples were filtered through membrane filters (0.45 um pore 
diameter) and the filters were placed on the surfaces of medium 
162 agar containing 1.076 NaCl. The plates were wrapped in 
plastic bags and incubated at 60*C for up to 7 d. Cultures were 
purified by subculturing and were maintained at -80°C in 
medium 162 containing 1.0% NaCl and 15.0% glycerol. 


Differentiation of the genus Thermonema 
from other genera 


The other aerobic thermophilic genus in the phylum Bacteroi- 
detesis Rhodothermus marinus, which is slightly halophilic, requir- 
ing about 0.2596 NaCl for growth. It can be differentiated from 
Thermonema by its lack of filament formation and its ability to 
use most common sugars and starch. 


Taxonomic comments 


Based on 1490 nucleotides constituting 97% of the 16S rRNA 
gene of Thermonema lapsum, Patel et al. (1994) concluded that 
Thermonema lapsum was the deepest member of what is now the 
phylum Bacteroidetes. 

Tenreiro et al. (1997) found Thermonema rossianum strains 
to be related to other members of the phylum Bacteroidetes by 
79-97.5% similarity in 16S rRNA gene sequences. The highest 
relatedness was exhibited toward Thermonema lapsum (97.2-97.5% 
sequence similarity). DNA-DNA reassociation values among 
Thermonema rossianum strains were high (>91%), but they were 
lower (37-41%) between these strains and Thermonema lapsum. 


List of species of the genus Thermonema 


1. Thermonema lapsum Hudson, Schofield, Morgan and Daniel 
1989, 487°" 


lap'sum. L. neut. part. adj. lapsum gliding, from L. v. labor to 
glide. 


The characteristics are as given for the genus, with the 
following additional features. Optimum growth in medium 
162 occurs without added NaCl (thus differentiating this 
species from Thermonema rossianum); addition of NaCl causes 
a decrease in growth, and no growth occurs at 4% NaCl 
(Tenreiro et al., 1997). Negative for a- and B-galactosidase- 
negative. Positive for DNase. Proteolytic. Casein, gelatin, and 
hippurate are hydrolyzed but not cellulose, starch, and xylan. 
The following basal medium supplements do not support 
growth: acetate, L-alanine, casein, L-cystine, galactose, gela- 
tin, gluconate, glucose, inositol, lactose, L-malate, L-proline, 
propan-l-ol, pyruvate, rhamnose, ribose, skim milk, sorbitol, 
succinate, sucrose, and yeast extract (all at concentrations 
of 1 g/l) plus the glutamate amino acid family (glutamate, 
proline, and arginine) (all at concentrations of 3.3 g/1). The 
following basal medium supplements do support growth: 
Casamino acids, amino acid mixture 1 (aspartic acid, threo- 
nine, serine, glutamic acid, proline, glycine, alanine, valine, 
methionine, isoleucine, leucine, tyrosine, phenylalanine, 
lysine, histidine, and arginine), and amino acid mixture 2 


(the same as amino acid mixture 1 but lacking methionine, 
phenylalanine, tyrosine, and leucine). 

Source: New Zealand hot springs. 

DNA G+C content (mol % ): 47 (T). 

Type strain: 23/9, ATCC 43542, DSM 5718. 

Sequence accession no. (16S rRNA gene): L11703. 


2. Thermonema rossianum Tenreiro, Nobre, Rainey, Miguel 
and da Costa 1997, 125.” 


ros.si.a’‘num. N.L. neut. adj. rossianum pertaining to Rossi, in 
honor of Mosé Rossi, the noted Neapolitan biochemist. 


The characteristics are as described for the genus, with 
the following additional features. Colonies on medium 162 
are yellow and 2 mm in diameter after 48 h. Optimum tem- 
perature, approximately 60*C; no growth occurs at 30 and 
70°C in medium 162. Optimum pH, 7.0-7.5; no growth 
occurs at pH 5.0 or 10.0. The optimum NaCl concentration 
for growth is 1.0-3.0%; no growth occurs in medium 162 
without added NaCl (thus differentiating this species from 
Thermonema lapsum) or with 26.076 NaCl. The major fatty 
acids are C,., iso and C,,, iso 3-OH. Nitrate is not reduced 
to nitrite. Casein, elastin, and gelatin are degraded; starch, 
xylan, and cellulose are not degraded. Casamino acids and 
complex amino acid mixtures are utilized for growth. Growth 
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does not occur on single amino acids, sugars, organic acids, 
and polyols. 
Source: thermal water tap at the Stufe di Nerone. 
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Order IV. Incertae sedis 


Toxothrix was previously assigned to the “Crenotrichaceae” by Gar- 
rity et al. (2005), but subsequent analyses transferred Crenothrix 
to the Proteobacteria. Phylogenetic analyses of the 16S rRNA sug- 
gests that Toxothrix represents a very deep group and is only 


distantly related to any of the previously described orders 
within the Bacteroidetes. In view of its ambiguous status, it has 
been assigned to its own order incertae sedis. 


Genus |. Toxothrix Molisch 1925, 1444* 


Peter HIRSCH 


To.xo'thrix. Gr. n. toxon a bow; Gr. fem. n. thrix a thread; N.L. fem. n. Toxothrix bent thread. 


Cells cylindrical, colorless, 0.5-0.75x3-6 um, in filaments 
(trichomes) up to 400 um long. A dense body (polyphos- 
phate?) is often located at either end of the cell (Figure 81). 
Gram reaction not recorded. Filaments often U-shaped 
(Figure 81a and b) and rotating while slowly moving forward 
with the rounded part in the lead; a mucoid substance, 
excreted from several sites on the trailing ends, is deposited 
as a double track (“railroad track") of twisted strings each 
0.2 um wide (Figure 81). Fan-shaped structures may be depos- 
ited laterally along the tracks, as the arms of the U move from 
side to side, and between the tracks, as a result of the middle 
section being lifted and then touched down again (Figure 81; 
Krul et al., 1970). Oxidized iron may be deposited on the 
mucoid threads, rendering them yellowish brown and brittle 
and giving them a diameter of 2.5 um. Pure cultures have not 
been obtained, but chemoorganothrophic and psychrophilic 
cultures have been maintained for long periods at 5 and 10°C. 
Filaments are extremely fragile during laboratory examination, 
and explosive disintegration of filaments has been observed 


* Editorial note. this chapter is reproduced from Vol. 1 of the Ist edition of Bergey s 
Manual of Systematic Bacteriology. 


after short periods under the microscope. Grow attached to 
surfaces and develop best at reduced oxygen tensions 
(Hasselbarth and Lüdemann, 1967) and slightly below neu- 
trality (pH 5.1-7.7). Originally found in water reservoir near 
the Biological Station at the Dnjepr River in the U.S.S.R. 
Widely distributed in cold iron springs, brooks, forest ponds, 
and lakes containing ferrous iron and with reduced oxygen 
tension (Hirsch, 1981). 

DNA G+C content (mol96): not known. 

Type species: Toxothrix trichogenes (Cholodny 1924) Beger in 
Beger and Bringmann 1953, 3324. 


Further descriptive information 


The normal trichome does not appear to have cross-walls when 
viewed with the phase microscope (Figure 81). Cholodny 
(1924) thought the organisms had a thin, tubular sheath that 
split repeatedly longitudinally, thus giving rise to the “twisted 
thread rope." However, Krul et al. (1970) followed the forma- 
tion of the double tracks and fan-shaped structures on living, 
undisturbed and actually growing specimens. 

Toxothrix trichogenes has been reported to be cultivated 
by Teichmann (1935). Hirsch (1981) kept natural samples 
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FIGURE 81.  Toxothrix trichogenes observed in a small iron spring catch basin. (a and b) Laboratory wet mounts of 
living trichomes during the first minute. Phase-contrast micrographs. (c and d) Excreted polymer coated with iron 
oxides, through the peculiar type of motion, form fan-shaped structures (c) or double tracks (d). (Reproduced 
with permission from J.M. Krul et al., 1970. Antonie van Leeuwenhoek Journal of Microbiology 36: 409—420.) 


containing Toxothrix in the laboratory for several months; 
Toxothrix cells survived if the samples contained sediment and 
organic detritus and were kept cold (5*C) and dark. 

The appearance of Toxothrix throughout the year (except for 
May and June) has been reported (Hirsch, 1981). Usually, it is 
found where Gallionella ferruginea grows and in waters with Fe? 
(1-2.7 mg/l). But Toxothrix cells, contrary to Gallionella cells, 
prefer habitats with a slightly higher concentration of organic 
compounds. An iron spring catch basin with cold, Fe-contain- 
ing water and decaying leaves appears to be the optimal Toxo- 
thrix habitat. 


Differentiation of the genus Toxothrix 
from other genera 


In the absence of Fe deposition, the Toxothrix filaments closely 
resemble  Herpetosiphon, | Haliscomenobacter, or “Achroonema” 
filaments. But Herpetosibhon filaments are extremely long 


(300-1200 um) and vary in their cell diameter. Also, transparent 
sections at the filament tips of Herpetosiphon (called necridia) 
are not present in Toxothrix. Strains of Haliscomenobacter are not 
known to glide or to show true branches, and their optimum pH 
is 7.0-8.0; also, they do not deposit iron oxides. “Achroonema” 
filaments do not glide in a U-shaped way but remain straight 
and fairly rigid. 


Taxonomic comments 


Balashova (1968) has pointed out that in some respects Toxo- 
thrix resembles Gallionella. The great differences in cell shape 
do not seem to support this view. Beger and Bringmann (1954) 
described “Toxothrix gelatinosa” on the basis of smaller filaments 
(diameter with slime threads: 1.5-1.7 um) and the fan-shaped 
arrangements of individual filaments in a gelatinous matrix. 
However, the individual cell size (0.5x3 um) falls within the 
range given for Toxothrix trichogenes. 


List of species of the genus Toxothrix 


1. Toxothrix trichogenes (Cholodny 1924) Beger in Beger 
and Bringmann 1953, 332^ ( Leptothrix trichogenes Cholodny 
1924, 296; Toxothrix ferruginea Molisch 1925, 144; Chlamy- 
dothrix trichogenes (Cholodny 1924) Naumann 1929, 513; 
Sphaerotilus trichogenes (Cholodny 1924) Pringsheim 1949, 
234) 


tri.cho'ge. nes. Gr. n. thrix trichos hair; N.L. suff. -genes (from 
Gr. v. gennaó to produce) producing; N.L. adj. trichogenes 
hair-producing. 

Description is the same as for the genus. 

DNA G+C content (mol96): unknown. 

Type strain: no culture isolated. 
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Phylum XV. Spirochaetes Garrity and Holt 2001 


Bruce J. PASTER 


Spi.ro.chae'tes. N.L. fem. pl. n. Spirochaetales type order of the phylum; dropping the ending to 
denote a phylum; N.L. fem. pl. n. Spirochaetes the phylum of Spirochaetales. 


Spirochetes are Gram-stain-negative, helical or spiral-shaped, 
motile cells that can flex, rotate and translate through liq- 
uid and semisolid environments. Most spirochetes possess 
a cellular ultrastructure unique to bacteria in that they have 
internal organelles of motility, namely periplasmic flagella. 
Consequently, the spirochetes are one of the few bacterial 
phyla whose phenotypic characteristics, e.g., cell morphology, 
reflect its phylogenetic relationships as based on 165 rRNA 
gene sequence comparisons (Garrity and Holt, 2001), form- 
ing a distinct line of evolutionary descent among the bacteria 
(Garrity et al., 2005). 

Spirochetes are chemo-organotrophic and, depending upon 
the species or phylogenetic group, may grow under anaero- 
bic, microaerophilic, facultatively anaerobic or aerobic condi- 
tions. Some are free-living and others are host-associated, e.g., 


arthropods, mollusks, and mammals, including humans. Some 
species are known to be pathogenic. 
Type order: Spirochaetales Buchanan 1918, 163^. 
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Class |. Spirochaetia class. nov. 


Bruce J. PASTER 


Spi.ro.chae'ti.a. N.L. fem. n. Spirochaeta type genus of the type order Spirochaetales; suff. 
-ia ending proposed by Gibbons and Murray and by Stackebrandt et al. to denote a class; 
N.L. neut. pl. n. Spirochaetia the class of Spirochaetales. 


Members of the class Spirochaetia are as described for the phy- 
Ium. The class contains spirochetes in one order, Spirochaetales, 
which is presently comprised of four families, namely Spirochae- 
taceae, Brachyspiraceae, Brevinemataceae, and Leptospiraceae. 

Type order: Spirochaetales Buchanan 1918, 163^., 
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Order |. Spirochaetales Buchanan 1917, 163^ 


Bruce J. PASTER 


Spi.ro.chae.ta'les. N.L. fem. n. Spirochaeta type genus of the order; -ales suffix to denote an 
order; N.L. fem. pl. n. Spirochaetales the Spirochaeta order. 


Based on 16S rRNA gene sequence comparisons, spirochetes 
form a coherent phylogenetic phylum (Paster et al., 1991). 
The order Spirochaetales contains the families Spirochaetaceae, 
Brachyspiraceae, Brevinemataceae, and Leptospiraceae, as shown in 
Figure 82. 

Helically shaped, motile bacteria, 0.1-3 um in diameter and 
4-250 um in length. Cells have internal organelles of motility 
called periplasmic flagella (which have been previously called 
axial fibrils, axial filaments, flagella, endoflagella, and periplasmic 
fibrils) (Canale-Parola, 1978; Paster and Canale-Parola, 1980). 
Periplasmic flagella are inserted subterminally at each end of the 


protoplasmic cylinder and extend along most of the length of the 
cell overlapping in the central region, but the other end of the 
flagella are inserted (Figure 82). This results in a n:2n:n flagellar 
arrangement where n ranges from 1 to 100s depending upon the 
species. However, the periplasmic flagella do not overlap in cells 
of members of the family Leptospiraceae. The protoplasmic cylin- 
der and flagella are encased by an "outer sheath? which has some 
features analogous the outer membrane of traditional Gram-stain- 
negative bacteria (Figure 82). Under certain growth conditions, 
periplasmic flagella of some species protrudes outside of the cell 
(Charon et al., 1992) (Figure 82). 
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FIGURE 82. Schematic representation of a spirochete. The dotted line 
indicates the outer sheath encasing the helical protoplasmic cell and 
the periplasmic flagella which are inserted at each end of the cell. 


Chemoheterotrophic. Carbohydrates, amino acids, long-chain 
fatty acids, or long-chain fatty alcohols serve as carbon and energy 
sources. Anaerobic, facultatively anaerobic, microaerophilic, and 
aerobic. Stains Gram-negative. 

Free-living or in association with animal, insect, and human 
hosts. Some species are pathogenic. 

DNA G+C content (mol % ): 25-66. 

Type genus: Spirochaeta Ehrenberg 1835, 313^. 


Further descriptive information 


Spirochetes have three main types of movements in liquids, 
namely locomotion, rotations about their longitudinal axis, and 
flexing (Canale-Parola, 1978). Cells can translocate in highly 
viscous environments, such as methyl cellulose or in media con- 
taining 1% agar. Cells also have been reported to creep or crawl 
on solid surfaces. 

Some “free-living pleomorphic spirochetes”, referred to 
as FLiPS (Ritalahti and Lóffler, 2004), have been recently 
described. One species from the termite hindgut has been 
named Spirochaeta coccoides (Dróge et al., 2006). These species 
do not have the characteristic ultrastructural and behavioral 
features of spirochetes; namely helical, motile cells with proto- 
plasmic cylinder and periplasmic flagella enclosed in an outer 
sheath. However based on 16S rRNA gene sequence analysis, 
these species fall within the family Spirochaetaceae (see chapter 
on Spirochaeta, below). 

“Spironema culicis" was isolated recently from the mosquito and 
is the only species of the genus (Cechová et al., 2004). Although 
it has not yet been formally named, it falls phylogenetically 
within the family Spirochaetaceae (Figure 83) and likely warrants 
separate genus designation from other genera of the family. 

Sequences of species of the genera Treponema and Spirochaeta 
in the family Spirochaetaceae, Brevinema in the family Brevinema- 
taceae, and Leptospira in the family Leptospiraceae are unusual 
among bacteria in that they possess a 20-30 base 5’ extension of 
16S rRNA molecule (Paster et al., 1991). The function of this 5' 
extension is unknown, but the region is highly variable and was 
proposed to form helices of 2-12 bases. The 5' extension has 
not been reported in other spirochetal species. 


Key to the families of the order Spirochaetales 


1. Cell diameter 0.1-3 um. Ends of cells are usually not hooked. 
Periplasmic flagella overlap in the central region of the cell. 
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PHYLUM XV. SPIROCHAETES 


Spirochaeta alkalica 


Spirochaeta halophila 

Spirochaeta litoralis 

"Spironema culicis"; AF166259 
Borrelia burgdorferi 


Spirochaetacea e 
Borrelia hermsii 


Cristispira pectinis 
Treponema azotonutricum 


EX eT Treponema denticola 
Treponema pallidum 


Brevinema andersonii 


Brevinemataceae 
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Brachyspira aalborgi 2 


Leptospira interrogans 


Leptonema illini Leptospiraceae 


Leptospira parva -i 


FIGURE 83. Phylogeny of the order Spirochaetales. The order is com- 
prised of four families, namely Spirochaetaceae, Brachyspiraceae, Brevine- 
mataceae, and Leptospiraceae. Bar = 5% difference in 16S rRNA gene 
sequences. 


The diamino acid in the peptidoglycan is L-ornithine. Anaer- 
obic or facultatively anaerobic. Use carbohydrates and/or 
amino acids as carbon and energy sources. Free-living and 
host associated. 

— Family I. Spirochaetaceae 


2. Cell diameter 0.2-0.4 um. Cell ends may be blunt or pointed, 
and are not hooked. Periplasmic flagella overlap in the cen- 
tral region of the cell. The diamino acid in the peptidoglycan 
is L-ornithine. Obligately anaerobic, aerotolerant. Use mono- 
saccharides, disaccharides, the trisaccharide trehalose, and 
amino sugars as carbon and energy sources. Does not use 
polysaccharides. Host-associated. 

— Family II. Brachyspiraceae 


3. Cell diameter 0.2—0.3 um. Cells are short, 4-5 um in length 
with only one or two turns. Ends of cells are usually not 
hooked. Periplasmic flagella overlap in the central region 
of the cell. The diamino acid in the peptidoglycan is not 
known. Microaerophilic. Peptones are required for growth. 
Host-associated. 

— Family III. Brevinemataceae 


4. Cell diameter 0.1-0.3 um. Ends of cells are usually hooked. 
The diamino acid in the peptidoglycan is diaminopimelic 
acid. Periplasmic flagella do not appear to overlap in the 
central region of the cell. Obligately aerobic, or microaero- 
philic. Use long-chain fatty acids or long-chain fatty alcohols 
as carbon and energy sources. Do not use carbohydrates or 
amino acids. Free-living and host-associated. 

— Family IV. Leptospiraceae 
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Family |. Spirochaetaceae Swellengrebel 1907, 581^ 


Bruce J. PASTER 


Spi.ro.chae.ta.ce'ae. N.L. fem. n. Spirochaeta type genus of the family; -aceae ending to denote a 
family; N.L. fem. pl. n. Spirochaetaceae the Spirochaeta family. 


Helical cells, 0.1-3.0 um in diameter and 3.5-250 um in length. 
Cells do not have hooked ends as do members of the family 
Leptospiraceae. Periplasmic flagella are inserted subterminally at 
each end of the cell and extend along most of the length of the 
cell overlapping in the central region (Figure 82). The diamino 
acid in the peptidoglycan is L-ornithine. Motile. 

Anaerobic, facultatively anaerobic, or microaerophilic. 
Chemo-organotrophic. Utilize carbohydrates and/or amino 
acids as carbon and energy sources. Do not use long-chain fatty 
acids or long-chain fatty alcohols as energy sources. 

Free-iving or in association with animal, insect and human 
hosts. Some species are pathogenic. The DNA G+C content is 
36-66 mol% (T., Bd, and genetic sequence analysis). Species 
examined by 16S rRNA sequence analysis are distinct from 
members of the families Brachyspiraceae, Brevinemataceae, and 
Leptospiraceae (Figure 83). 

Type genus: Spirochaeta Ehrenberg 1835, 313^. 


Key to the genera of the family Spirochaetaceae 


1. Cells are 0.2—75 um in diameter and 5-250 um in length. 
Obligately anaerobic and facultatively anaerobic. Carbohy- 
drates serve as energy and carbon sources. Amino acids are 
not used as growth substrates. Free-living in fresh water and 
marine environments, including mud, sediments and water 
of ponds, lakes, streams, and marshes. Many not-yet-culti- 
vated species identified as based on 16S rRNA gene sequence 


comparisons. Not considered as pathogenic. The DNA G+C 
content is 45-66 mol% (T. , Bd, and HPLC). 
— Genus I. Spirochaeta 


2. Cells are 0.2-0.3 um in diameter and 3-20 um in length. 
Microaerophilic. Arthropod-borne pathogens of man, other 
mammals, and birds. The causative agents of tick-borne Lyme 
disease and relapsing fever and louse-borne relapsing fever 
in man. The DNA G+G content of a limited number of spe- 
cies is 27-32 mol% (T, , HPLC, and genome sequencing). 

— Genus II. Borrelia 


3. Cells are 0.5-3 um in diameter and 30-180 um in length. 
Hundreds of periplasmic flagella present as a bundle form- 
ing a ridge called crista. Inhabit the crystalline style of the 
digestive tract of aquatic mollusks. Not grown in pure cul- 
ture. The DNA G+C content is not known. 

— Genus III. Cristispira 


4. Cells are 0.1-0.4 um in diameter and 5-20 um in length. 
Obligately anaerobic. Carbohydrates and amino acids serve 
as energy and carbon sources. Found in the oral cavity, intes- 
tinal tract, and genital areas of humans and animals. Some 
species are pathogenic. Also found in the hindgut of ter- 
mites. Many not-yet-cultivated species identified as based on 
16S rRNA gene sequence comparisons. The DNA G+C con- 
tent is 36-54 mol% (T. , HPLC, genome sequence). 

— Genus IV. Treponema 


Genus I. Spirochaeta Ehrenberg 1835, 313^- (Spirochoeta Dujardin 1841, 225, and Spirochaete Cohn 1872, 
180 (orthographic variants of Spirochaeta); Ehrenbergia Gieszczkiewicz 1939, 24) 


Susan LESCHINE AND BRUCE J. PASTER 


Spi.ro.chae'ta. Gr. n. speira (L. transliteration spira) a coil; Gr. fem. n. chaité (L. transliteration chaete) hair; 


N.L. fem. n. Spirochaeta coiled hair. 


Flexible helical cells 0.2-0.75 um in diameter and 5-250 um in 
length. All species have two periplasmic flagella per cell except 
Spirochaeta plicatilis, which has many periplasmic flagella. Under 
unfavorable conditions, spherical cells or structures 0.5-2.0 um 
(occasionally up to 10 um) in diameter are formed. Cells trans- 
locate when suspended in liquids and crawl or creep when in 
contact with solid surfaces. Obligately anaerobic or facultatively 
anaerobic. Under aerobic growth conditions the facultatively 
anaerobic species usually produce carotenoid pigments that 
give a yellow, yellow-orange, or red coloration to colonies or 
cells in liquid media. Thermophilic species are known. Opti- 
mum temperature range, 25-68°C. Chemo-organotrophic, 


using a variety of carbohydrates as carbon and energy sources. 
The main products of anaerobic carbohydrate metabolism are 
ethanol, acetate, CO,, and H,. Under aerobic conditions, faculta- 
tively anaerobic species oxidize carbohydrates yielding primarily 
CO, and acetate. Indigenous to aquatic freshwater and marine 
environments such as the sediments, mud and water of ponds, 
marshes, swamps, lakes, rivers, and hot springs. Occur commonly 
in H,S-containing environments. Free-living. None reported to 
be pathogenic. 

DNA G+C content (mol96): 50-65 (Bd), 45-66 (T), 50-58.5 
(HPLC). 

Type species: Spirochaeta plicatilis Ehrenberg 1835, 313*". 
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Further descriptive information 


Cells of all species are helical in shape and possess the typical 
ultrastructural features of spirochetes (Canale-Parola, 1984a). 
The outermost structure of the cells is an “outer membrane”, 
or “outer sheath”, which encloses the coiled cell body (“pro- 
toplasmic cylinder”) consisting of the cytoplasm, the nuclear 
region, and the peptidoglycan-cytoplasmic membrane com- 
plex. Organelles ultrastructurally similar to bacterial flagella are 
located in the area between the outer membrane and the proto- 
plasmic cylinder. These organelles are essential components of 
the motility apparatus of spirochetes (Paster and Canale-Parola, 
1980) and are usually called “periplasmic flagella”. One end of 
each periplasmic flagellum is inserted near a pole of the proto- 
plasmic cylinder, while the other end is not inserted. Individual 
periplasmic flagella extend for most of the length of Spirochaeta 
cells so that those inserted near opposite ends overlap in the 
central region of the organism. 

The nature of the spherical structures, called “spherical 
bodies”, that are formed under unfavorable growth conditions 
has not been determined. Spherical bodies occur either in 
physical association with helical cells or free. 

When suspended in liquids, cells translocate “in straight 
lines or nearly straight lines, and they appear to spin rapidly 
about their longitudinal axis (Berg, 1976). The motility of a 
strain of Spirochaeta aurantia in liquid environments has been 
described (Greenberg et al., 1985, 1977c). Occasionally a cell 
stops momentarily and flexes, and then resumes spinning and 
translational motility. However, when translation resumes, the 
direction of movement is usually altered...” and frequently the 
previously leading cell end becomes the trailing end (Greenberg 
and Canale-Parola, 1977c). During runs, Spirochaeta aurantia 
cells have an average linear speed of approximately 16/s (Fos- 
naugh and Greenberg, 1988). Flexes last from a fraction of a 
second to several seconds. The average frequency of reversals in 
cell populations is approximately 0.31 reversals/ 5 s (Fosnaugh 
and Greenberg, 1988). Cells in motion usually retain their basic 
helical configuration, but they assume a variety of shapes as a 
result of flexing, undulating, and contracting, as well as wave 
propagation. Broad secondary coils or waves superimposed on 
the smaller primary coils are formed frequently (Canale-Parola, 
1977, 1978). During creeping movements of Spirochaeta plicati- 
lis on solid surfaces (Blakemore and Canale-Parola, 1973), “... 
the rear coils follow the tortuous path of the anterior cell end 
almost exactly" (Canale-Parola, 1978). 

Cells retain translational motility in environments of rela- 
tively high viscosity, usually becoming immotile at viscosities of 
300-1000 centipoise, depending on the strain (Greenberg and 
Canale-Parola, 19772, b). 

Strains of Spirochaeta aurantia exhibit chemotaxis toward 
carbohydrates, but not toward amino acids (Breznak and 
Canale-Parola, 1975; Greenberg and Canale-Parola, 1977c). 
Effective attractants for Spirochaeta aurantia strain M1 are as 
follows: D-glucose, 2-deoxy-b-glucose, o-methyl-p-glucoside, 
D-galactose, D-fucose, D-mannose, D-fructose, D-xylose, maltose, 
cellobiose, and p-glucosamine (Greenberg and Canale-Parola, 
1977c). Taxis toward D-galactose and p-fucose is induced by the 
presence of D-galactose in the growth medium. 

The helical shape of the cells is maintained by the peptido- 
glycan layer (Joseph and Canale-Parola, 1972). L-Ornithine is 
the only diaminoamino acid in the peptidoglycan of Spirochaeta 


FAMILY |. SPIROCHAETACEAE 


stenostrepta, Spirochaeta litoralis, Spirochaeta aurantia, and Spiro- 
chaeta halophila (Joseph et al., 1973; B.J. Paster and E. Canale- 
Parola, unpublished data). The peptidoglycans of Spirochaeta 
zuelzerae and Spirochaeta plicatilis have not been tested for the 
presence of r-ornithine. 

The peptidoglycan of Spirochaeta stenostrepta is composed of 
acylglucosamine, acylmuramic acid, L-alanine, p-glutamic acid, 
L-ornithine, and r-alanine (Joseph et al., 1973; Schleifer and 
Joseph, 1973). Peptidoglycan of similar composition is present 
in Spirochaeta litoralis. At least 50% of the peptide subunits of the 
peptidoglycan of Spirochaeta stenostrepta contain the tripeptide 
Nacyl-muramyl-L-alanyl-o-p-glutamyl-L-ornithine. Cross-linkage 
(30%) between the 6-amino group of L-ornithine and the 
carboxyl group of p-alanine occurs in the remaining peptide 
subunits of sequence N-acyl-muramyl-L-alanyl-o-b-glutamyl-L- 
ornithyl-p-alanine (Schleifer and Joseph, 1973). 

A lipoprotein layer, adjacent and external to the peptidogly- 
can, has been detected in Spirochaeta stenostrepta ( Joseph et al., 
1970). This layer consists of a fine array of tightly packed, longi- 
tudinally oriented helices measuring 2.5 nm in diameter (Holt 
and Canale-Parola, 1968). 

Colonies of Spirochaeta diffuse or spread through the agar 
medium in which they are growing. This phenomenon is espe- 
cially apparent in agar media containing low substrate con- 
centrations and 196 or less agar. Diffusion of colonies is due 
to migration of the growing cells through the agar medium. 
Migration of the cells is the result of chemotaxis toward the 
growth substrate and of the ability of spirochetes to locomote 
through agar gels (Canale-Parola, 1977, 1978). 

The growth of obligately anaerobic species of Spirochaeta is 
abundant in media with 1.0 or 1.5 g of agar/100 ml, whereas 
the growth of some strains of facultatively anaerobic species of 
Spirochaeta is inhibited in media containing more than 1.0% 
agar. However, these strains grow abundantly when the agar 
concentration in the medium is 1% or lower. Under anaero- 
bic conditions, Spirochaeta stenostrepta, Spirochaeta litoralis, Spiro- 
chaeta aurantia, and Spirochaeta halophila ferment carbohydrates 
to pyruvate via the Embden-Meyerhof pathway (Canale-Parola, 
1977; Greenberg and Canale-Parola, 1976). Pyruvate is metabo- 
lized to acetyl-CoA, CO,, and H, by means of a clostridial-type 
clastic reaction. Acetyl-CoA is converted to acetate in reactions 
catalyzed by phosphotransacetylase and acetate kinase, and to 
ethanol through a double reduction involving aldehyde and 
alcohol dehydrogenase activities (Canale-Parola, 1977). These 
pathways constitute the major anaerobic energy-yielding mech- 
anisms utilized by the four Spirochaeta species mentioned above 
(Canale-Parola, 1977). The pathways of carbohydrate catabo- 
lism utilized by Spirochaeta zuelzerae have not been elucidated. 
This spirochete does not form ethanol, but produces succinate 
and larger amounts of lactate than do other species. 

In addition to carbohydrates, Spirochaeta isovalerica ferments 
L-leucine, L-isoleucine, and r-valine, forming isovaleric, 2-meth- 
ylbutyric, and isobutyric acids, respectively, as end products 
(Harwood and Canale-Parola, 1983). Fermentation of the 
amino acids in the absence of glucose does not support mea- 
surable growth of Spirochaeta isovalerica, but serves to generate 
ATP, which is utilized as a source of maintenance energy by 
the spirochete when fermentable carbohydrates are not avail- 
able (Harwood and Canale-Parola, 1981a, 1983). In addition 
to the branched-chain fatty acids, amino acid catabolism by 
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Spirochaeta isovalerica yields small quantities of isobutanol and 
isoamyl alcohol (Harwood and Canale-Parola, 1981b, 1983). 

When growing aerobically, Spirochaeta aurantia and Spiro- 
chaeta halophila derive energy by performing an incomplete oxi- 
dation of carbohydrates, with CO, and acetate being the main 
dissimilatory products. The tricarboxylic acid cycle either is not 
present or serves in a minor catabolic capacity in these two spe- 
cies. Determinations of molar growth yields and other studies 
indicate that, when growing aerobically, Spirochaeta aurantia and 
Spirochaeta halophila generate ATP via oxidative phosphoryla- 
tion as well as by substrate level phosphorylation (Breznak and 
Canale-Parola, 1972a; Greenberg and Canale-Parola, 1976). 
Cytochromes b.. and cytochrome o are present in Spirochaeta 
aurantia (Breznak and Canale-Parola, 19722). 

Spirochaeta species are able to synthesize all of their cell lipids 
de novo. The chain length of cellular fatty acids varies from 12 to 
18 carbons (Livermore and Johnson, 1974). Spirochaeta auran- 
lia and Spirochaeta zuelzerae but not Spirochaeta litoralis and Spiro- 
chaeta stenostrepta synthesize unsaturated fatty acids. Spirochaeta 
stenostrepta and Spirochaeta zuelzerae but not Spirochaeta litoralis 
and Spirochaeta aurantia synthesize anteiso branched-chain fatty 
acids (Livermore and Johnson, 1974). 

Spirochaeta species are resistant to the antibiotic rifampicin 
(rifampin) at concentrations of 1-50 pg rifampicin/ml. Resis- 
tance to rifampicin may be due to low affinity of the spirochetal 
RNA polymerase for the antibiotic. 


Enrichment and isolation procedures 


Anaerobic and facultatively anaerobic spirochetes occur com- 
monly in aquatic freshwater and marine environments such as 
the sediments, mud and water of ponds, marshes, swamps, lakes, 
rivers, and hot springs, often in association with decomposing 
plant biomass (Harwood and Canale-Parola, 1984; Leschine, 
1995). Spirochaeta strains are readily isolated from natural envi- 
ronments by means of selective procedures and usually grow 
abundantly in ordinary laboratory media. Anaerobic growth 
yields of the isolates range from 2 to 10? to approximately 10? 
cells/ml, but commonly are 6-8x10? cells/ml (Breznak and 
Canale-Parola, 1975; Canale-Parola, 1973; Greenberg and 
Canale-Parola, 1976; Harwood and Canale-Parola, 1984; Hes- 
pell and Canale-Parola, 1970a, b). Cell population doubling 
times in anaerobic cultures are 2.2-12 h, depending on the 
species and the growth conditions. Aerobically grown cultures 
yield 0.7-1.2x10? spirochetes/ml, with doubling times of 2-4 h 
(Breznak and Canale-Parola, 1975; Canale-Parola, 1973; Green- 
berg and Canale-Parola, 1976). 

A procedure in which the antibiotic rifampicin (rifamycin) 
serves as a selective agent is quite effective for the isolation 
of free-living (genus Spirochaeta) and host-associated (genus 
Treponema) spirochetes from natural environments (Harwood 
etal., 1982; Patel et al., 1985; Stanton and Canale-Parola, 1979; 
Weberand Greenberg, 1981). This procedure (described below) 
is based on the observation that spirochetes in general are natu- 
rally resistant to rifampicin (Leschine and Canale-Parola, 1986; 
Stanton and Canale-Parola, 1979). Thus, spirochetes such as 
Spirochaeta stenostrepta and Spirochaeta aurantia grow in the pres- 
ence of as much as 100—200 pg of rifampicin per ml of medium 
(Leschine and Canale-Parola, 1986), whereas the growth of 
many other bacteria is inhibited. The resistance of spirochetes 
to rifampicin is probably due to the low affinity of their RNA 
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polymerase for the antibiotic (Allan et al., 1986; Leschine and 
Canale-Parola, 1986). 

Enrichment procedures used in the isolation of Spirochaeta 
species are based on one or more of the following selective fac- 
tors: (1) resistance to rifampicin (mentioned above), (2) the 
ability of spirochetes to pass through filters that retain most 
other bacteria, (3) the migratory movement of spirochetes 
through agar media (Canale-Parola, 1973, 1984b). The latter 
two procedures will enrich for species of Spirochaeta measuring 
less than 0.5 um in diameter. 

In the enrichment-by-filtration procedure (described below), 
separation of Spirochaeta species from most of the micro-organ- 
isms present in mud or water is achieved by techniques involv- 
ing filtration through cellulose ester filter discs (e.g., Millipore 
filters) having a mean pore diameter of 0.3 or 0.45 um. Spiro- 
chetes pass through these filter discs because their cell diam- 
eter is relatively small, and probably also because their motility 
apparatus enables them to swim freely in liquids as well as to 
move in contact with solid surfaces. 

The enrichment-by-migration procedure uses the ability of 
spirochetes to move through agar gels or media containing as 
much as 1-2% (w/v) agar. This movement or migration occurs 
primarily within the agar gel, i.e., below the surface of the agar 
medium. In contrast, flagellated bacteria usually cannot carry 
out translational movement through gels or media containing 
agar at the above-mentioned concentrations, although several 
exceptions have been reported (Greenberg and Canale-Parola, 
19772). Apparently, the cell coiling of spirochetes is important 
for their translational motion through agar gels, inasmuch as 
this type of movement is impaired in mutant spirochetes lack- 
ing the cell-coiling characteristic of the parental strain (Green- 
berg and Canale-Parola, 1977b). 

Migration of spirochetes through agar media results from the 
unique motility mechanism of these bacteria (Canale-Parola, 
1977, 1978), as well as from chemotaxis toward the energy and 
carbon source (Breznak and Canale-Parola, 1975; Greenberg 
and Canale-Parola, 1977c; Terracciano and Canale-Parola, 
1984). The role of chemotaxis in the migration of saccharolytic 
spirochetes through agar media has been studied (Breznak and 
Canale-Parola, 1975). When these spirochetes are inoculated 
in the center of glucose-containing agar medium plates, they 
grow using this sugar as their energy source. Utilization of the 
sugar by the spirochetes gives rise to a glucose concentration 
gradient that moves away from the center of the plate as more 
of this carbohydrate is metabolized by the spirochetes. Because 
the spirochetes exhibit chemotaxis toward glucose and are able 
to move through the agar gel, they migrate into the areas of 
higher glucose concentration within the gradient. Thus, the 
spirochetal population, by following the outward movement of 
the gradient, migrates toward the periphery of the plate. This 
behavior results in the formation of a growth “veil” or “ring” of 
spirochetes for which glucose serves both as the energy source 
for growth and as the chemoattractant (Breznak and Canale- 
Parola, 1975; Canale-Parola, 1973). The veil or ring increases 
continuously in diameter during incubation and may reach the 
outer edge of the plate. The migration rate of the spirochetal 
population is greatest in agar media containing low substrate 
concentrations (e.g., 0.02% glucose). In these media the sub- 
strate becomes rapidly depleted in the region where spirochetes 
are growing, and the spirochetal population moves toward the 
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outer zone of higher substrate concentrations at a relatively fast 
rate (Breznak and Canale-Parola, 1975). 

In procedures for the isolation of Spirochaeta species from 
natural environments, the chemotactic behavior and the ability 
of these bacteria to move through agar gels have important 
selective functions. In a typical isolation procedure, a small, 
shallow cylindrical hole is made through the surface of an 
agar medium containing a low concentration of carbohydrate. 
Rifampicin may be included in the medium as an additional 
selective agent for spirochetes. The medium may be in a Petri 
dish or a small bottle. A tiny drop of pond water, or of any other 
material in which spirochetes have been observed, is placed 
within the hole. The chemotactic, saccharolytic spirochetes 
in the inoculum multiply and form a growth veil that extends 
outwardly through the agar medium. Thus, the spirochetes in 
the veil move away from contaminants, which remain mainly 
in the vicinity of the inoculation site. Spirochetal cells from 
the outermost edge of the veil are used to obtain pure cultures 
by conventional methods, such as streaking on agar medium 
plates. Isolation procedures involving chemotaxis and move- 
ment through agar gels are described below. 

Selective isolation techniques have not been developed for 
the large Spirochaeta species, such as Spirochaeta plicatilis. 


Maintenance procedures 


Species of Spirochaeta remain viable for many years when stored 
in the frozen state at the temperature of liquid nitrogen. Meth- 
ods for liquid nitrogen storage of Spirochaeta species and for the 
preparation of other types of stock cultures of these bacteria 
have been described (Canale-Parola, 1973). 


Differentiation of the genus Spirochaeta from other genera 


Members of the genus Spirochaeta are readily differentiated 
from other genera of spirochetes as shown in Table 118. 


Taxonomic comments 


Based on 16S rRNA gene sequence comparisons (Paster et al., 
1984, 1991), members of the genus Spirochaeta belong within the 
family Spirochaetaceae and are clearly distinct from the other genera 
of spirochetes (Figure 84). These data also suggest that Spiro- 
chaeta aurantia warrants separate genus designation, although 
it would still fall within the family Spirochaetaceae (Figure 84). 
However, several species of Spirochaeta, including Spirochaeta 


FAMILY |. SPIROCHAETACEAE 


stenostrepta, Spirochaeta zuelzerae, and Spirochaeta caldaria, do not 
belong with other free-living Spirochaeta (shown in Figure 84), 
but are more closely related to members of the genus Treponema. 
The phylogenetic clustering of these species has also been con- 
firmed by single-base signature analysis, i.e., the sequences of 
these species have more signature bases found in the sequences 
of the treponemes than in the sequences of Spirochaeta species. 
Consequently, these species should be classified as species of 
Treponema, but since there has been no formal renaming, they 
remain Spirochaeta spp. in this chapter. These “free-living” 
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FIGURE 84. Phylogenetic tree of the genus Spirochaeta and related 
organisms, based on 16S ribosomal RNA gene (rRNA) sequences. Some 
of the named Spirochaeta species shown in brackets, namely [Spirochaeta] 
zuelzerae, [Spirochaeta] caldaria, |Spirochaeta] stenostrepta, [Spirochaeta] 
xlanolyticus and [Spirochaeta] taiwanensis, are phylogenetically more 
related to members of the genus Treponema. The scale bar represents a 
5% difference in nucleotide sequence. 


TABLE 118. Differentiation of the genus Spirochaeta from other genera of spirochetes 


Characteristic Spirochaeta — Cristispira Treponema Borrelia Brevinema Leptospira and related genera Brachyspira 
Free-living + = = - = + _ 
Host-associated - + + + + + + 
Obligate aerobes =: = = = á + = 
Obligate anaerobes + = + = + x = 
Facultative anaerobes + - i - - - - 
Microaerophiles - * = * = nr + 
Energy and carbon sources: 

Carbohydrates + nr + + nr = nr 

Amino acids = nr + = nr = nr 

Long-chain fatty acids = nr = = nr + nr 
DNA G+C content (mol%) 41-65 nr 36-54 nr nr 35-53 26 


“nr, Not reported or not determined. 


"Some species of the free-living Spirochaeta are more closely related to species of Treponema based on 16S rRNA sequence comparisons. 
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spirochetes might represent transitional species, i.e., they could 
be descendants of precursors of host-associated treponemes. 
Alternatively, these species may have been from a mammalian 
host and were disseminated via fecal contamination. 

Two other purported species of Spirochaeta that belong more 
with the treponemes have been described. Two thermophilic 
anaerobic, xylan-degrading spirochetal strains were isolated 
from a hot spring in Taiwan. They have been provisionally 
named (unpublished) as Spirochaeta taiwanensis (AY735103) 
and Spirochaeta xylanolyticus (AY735097), but are likely the same 
species with nearly identical 16S rRNA sequences. However, 
these thermophilic spirochetes are also close relatives of Spi- 
rochaeta caldaria and consequently are likely members of the 
genus Treponema. 

16S rRNA sequences of these Spirochaeta species possess a 
20-30-base extension at the 5’ end, which is typical of 16S rRNA 
sequences of species of Spirochaeta, Treponema, Leptospira, and 
Leptonema (Defosse et al., 1995; Paster et al., 1991). 


Differentiation of the species of the genus Spirochaeta 


Sixteen species of Spirochaeta are presently known and listed 
below. Characteristics that differentiate these species are shown 
in Table 119. Spirochaeta plicatilis has not been grown in pure 
culture, but its ultrastructure and some of its ecological char- 
acteristics have been described (Blakemore and Canale-Parola, 
1973). Ten species (Spirochaeta stenostrepta, Spirochaeta litoralis, 
Spirochaeta zuelerae, Spirochaeta isovalerica, Spirochaeta bajacali- 
forniensis, Spirochaeta thermophila, Spirochaeta caldaria, Spirochaeta 
smargdinae, Spirochaeta asiatica, and Spirochaeta americana) are 
obligate anaerobes, and two species (Spirochaeta alkalica and Spi- 
rochaeta africana) are aerotolerant anaerobes. Three other spe- 
cies, Spirochaeta aurantia, Spirochaeta halophila, and Spirochaeta 
cellobiosiphila are facultative anaerobes. When grown aerobically, 
Spirochaeta aurantia and Spirochaeta halophila but not Spirochaeta 
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cellobiosiphila characteristically produce carotenoid pigments 
(Breznak and Warnecke, 2008; Greenberg and Canale-Parola, 
1975). Most species of Spirochaeta are mesophilic, growing at 
optimum temperatures in the range 15-40*C. However, the 
thermophilic species, Spirochaeta thermophila and Spirochaeta cal- 
daria, both from thermal springs, have optimum growth tem- 
perature of 66-68 and 48-52°C, respectively. 

Two subspecies of Spirochaeta aurantia are known. One of 
these (Spirochaeta aurantia subsp. stricta) is characterized by sig- 
nificantly narrower coils than the other (Spirochaeta aurantia 
subsp. aurantia), and its DNA possesses a slightly lower G+C 
content (Breznak and Canale-Parola, 1975; Canale-Parola, 
1984b). 

Spirochaeta stenostrepta, Spirochaeta zuelerae, Spirochaeta caldaria, 
and Spirochaeta aurantia are freshwater species, whereas Spiro- 
chaeta litoralis, Spirochaeta isovalerica, Sbirochaeta bajacaliforniensis, 
Spirochaeta thermophila, and Spirochaeta cellobiosiphila are marine 
species and require sodium ion (Na*) concentrations in the 
range 200-480 mM for optimal growth (Aksenova et al., 1990, 
1992; Breznak and Warnecke, 2008; Fracek and Stolz, 1985; 
Harwood and Canale-Parola, 1983; Hespell and Canale-Parola, 
1970b). Spirochaeta halophila was isolated from a high-salinity 
pond and grows optimally when 750 mM NaCl, 200 mM MgSO,, 
and 10 mM CaCl, are present in the medium (Greenberg and 
Canale-Parola, 1976). Other halophilic species include Spiro- 
chaeta americana, Spirochaeta asiatica, Spirochaeta alkalica, and 
Spirochaeta africana, which were isolated from the sediments of 
hypersaline lakes and require Na* concentrations in the range 
850-1200 mM for optimal growth (Hoover et al., 2003; Zhilina 
et al., 1996). The latter three species are also alkaliphilic and 
growth does not occur below pH 8. Spirochaeta smargdinae, iso- 
lated from a production water sample collected from an offshore 
oilfield, requires at least 170 mM NaCl and grows optimally with 
850 mM NaCl (Magot et al., 1997). 


List of species of the genus Spirochaeta 


1. Spirochaeta plicatilis Ehrenberg 1835, 313^ 
pli.ca'ti.lis. L. fem. adj. plicatilis flexible. 


Helical cells, 0.75 um in diameter and usually 80-250 um 
in length. Cells have regular primary coils, which are stable 
(persist both in the presence and absence of movement). 
Cells in motion may exhibit broad secondary coils super- 
imposed on the smaller primary coils and when suspended 
in liquids, they display rotation about the longitudinal axis 
and wide waves traveling along the length of the organism. 
Cells creep in contact with solid surfaces (Blakemore and 
Canale-Parola, 1973). 

Regularly spaced cross-walls or transverse septa are pres- 
ent (Blakemore and Canale-Parola, 1973). Long specimens 
may consist of chains of multicellular spirochetes. Many 
periplasmic flagella are present, occurring as a bundle 
wound around the protoplasmic cylinder. Phase-contrast 
photomicrographs and electron micrographs of the cells 
have been published (Blakemore and Canale-Parola, 1973). 

Not cultivated in pure culture. Presumed to be either 
a microaerophile or an anaerobe that can tolerate low O, 
tensions. Present in H,S-containing freshwater, brackish 
and marine mud, frequently in association with Beggiatoa 
trichomes. 


DNA G+C content (mol% ): not determined. 
Type strain: not yet grown in pure culture. 
Sequence accession no. (16S rRNA gene): none. 


2. Spirochaeta africana Zhilina 1996, 310" 


a.fri.ca'na. L. fem. adj. africana of African continent, found 
in African alkaline Lake Magadi. 


Motile, helical cells, 0.25-0.3 um in diameter and 
15-30 um in length, with shorter (7.5 um) and longer (up 
to 40 um) cells occurring in culture. Outermost structure 
is an outer membrane enclosing periplasmic flagella and 
a protoplasmic cylinder. Cells have regular, stable primary 
coils. Cell mass is orange. 

Anaerobic, aerotolerant, fermentative; utilizes carbo- 
hydrates, mainly mono- and disaccharides, as carbon and 
energy sources. Preferred substrates: fructose > maltose = tre- 
halose = sucrose > cellobiose > glucose > glycogen > starch; 
poor growth with mannose or xylose; no growth with galac- 
tose, Nacetylglucosamine, or ribose (the optical isomers of 
the sugars were not described). Amino acids do not serve as 
fermentable substrates. A supplement of vitamins is required; 
yeast extract can be omitted from culture media. Aerotoler- 
ant; develops under a cotton plug in liquid medium. 
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Primary products of glucose fermentation are acetate, 
ethanol, and H,. Lactate is a minor product in stationary 
phase. 

Halophilic, growing in sodium carbonate medium, but 
not requiring it. Depends on sodium; no growth below 3% 
(w/v) or above 10% (w/v) NaCl. Optimal growth at pH 
8.8-9.75. No growth at pH 8.0-10.8. Optimum temperature 
for growth, 30-37°C; range, 15-47°C; slow growth at 6°C 
after a long lag phase. 

Source: a bacterial bloom in the brine under trona (e.g., 
a sedimentary deposit that results from the evaporation of 
seawater) from alkaline equatorial Lake Magadi. 

DNA G+C content (mol % ): 57.1 (T, ). 

Type strain: strain Z-7692, ATCC 700263, DSM 8902. 

Sequence accession no. (16S rRNA gene): X93928. 


. Spirochaeta alkalica Zhilina 1996, 309°? 


al.ka.li'ca. N.L. n. alkali (from Arabic atgalyi the ashes of 
saltwort), soda ash; L. fem. suff. -ica suffix used with the 
sense of pertaining to; N.L. fem. adj. alkalica intended to 
mean alkaline, developing in the alkaline medium. 


Motile, helical cells, 0.4-0.5 um in diameter and 9-18 um 
in length, with shorter (6 um) and longer (up to 35 um) 
cells occurring in culture. Outermost structure is an outer 
membrane enclosing periplasmic flagella and a protoplas- 
mic cylinder. Cells have regular, stable primary coils. Cell 
mass is orange. 

Anaerobic, aerotolerant, fermentative; utilizes carbo- 
hydrates, mainly mono- and disaccharides, as carbon and 
energy sources. Preferred substrates: sucrose > trehalose > 
cellobiose > glucose = maltose > xylose > starch; poor growth 
with fructose, galactose, ribose, or Nacetylglucosamine 
(the optical isomers of the sugars were not described); no 
growth with mannose or glycogen. Amylolytic and agaro- 
lytic. Amino acids do not serve as fermentable substrates. 
A supplement of vitamins and yeast extract is required. 
Aerotolerant; growth develops under a cotton plug in liq- 
uid medium. 

Primary products of glucose fermentation are acetate, 
H,, and CO,. Minor products in stationary phase are etha- 
nol and lactate. 

Alkaliphilic; growth in sodium carbonate medium opti- 
mally at pH 8.7-9.6. No growth at pH 8.3 or 10.8. Depen- 
dent on sodium; no growth below 3% (w/v) or above 
10% (w/v) NaCl. Growth is possible when NaCl is substi- 
tuted by equimolar Na,CO,+NaHCO,. Requires carbonate 
anion. Optimum temperature for growth, 33-37°C; range, 
15-44°C; slow growth at 6°C after a long lag phase. 

Source: a cyanobacterial mat in a warm spring from under 
the horst in the equatorial alkaline Lake Magadi. 

DNA G+C content (mol 96): 57.1 (T). 

Type strain: strain Z-7491, ATCC 700262, DSM 8900. 

Sequence accession no. (16S rRNA gene): X93927. 


. Spirochaeta americana Hoover, Pikuta, Bej, Marsic, Whit- 
man, Tang and Krader 2003, 820V* 


a.me.ri.ca'na. N.L. fem. adj. americana of American conti- 
nent, isolated from soda Mono Lake, California, USA. 


Cells are motile and helix-shaped. Flagellum present in 
periplasmic space. Gram-stain-negative. Cells have regular, 


unstable primary coils. Sphaeroplasts are formed at the end 
of the growth phase. 

Strictly anaerobic, catalase-negative chemoheterotroph 
with fermentative type of metabolism. Preferred sub- 
strates are D-glucose, fructose, maltose, sucrose, starch, 
and pb-mannitol. Requires vitamins and yeast extract for 
growth. Primary end products of glucose fermentation is 
H,, acetate, ethanol, and formate. Resistant to kanamycin 
and rifampicin, but sensitive to gentamicin, tetracycline, 
and chloramphenicol. 

Haloalkaliphile that cannot grow at pH 7.0. Growth is 
dependent upon the presence of carbonate and sodium 
ions in the medium. No growth occurs below 2% (w/v) 
NaCl or above 12% (w/v) NaCl. Mesophilic. Cells can be 
stored frozen in a liquid medium. 

Source: mud sediments of the alkaline, hypersaline, mero- 
mictic, soda Mono Lake in Northern California, USA. 

DNA G+C content (mol % ): 58.5 (HPLC). 

Type strain: strain ASpG1, ATCC BAA-392, DSM 14872. 

Sequence accession no. (168 rRNA gene): AF373921. 


. Spirochaeta asiatica Zhilina 1996, 311” 


a.si.a'ti.ca. L. fem. adj. asiatica from the Asian continent, in 
the central part of which the organism was found. 


Motile, helical cells, 0.2-0.25 um in diameter and 
15-22.5 um in length, with shorter (7.5 um) and longer (up 
to 40 um) cells occurring in culture. Outermost structure 
is an outer membrane enclosing periplasmic flagella and 
a protoplasmic cylinder. Cells have regular, nonstable pri- 
mary coils. Round bodies, usually nonviable, are formed at 
the end of the growth period. Nonpigmented. 

Strictly anaerobic, fermentative, and utilizes simple and 
complex carbohydrates. Preferred substrates: glucose > malt- 
ose > glycogen > mannose > trehalose > cellobiose > sucrose 
> starch > galactose > pectin > xylan; poor growth with xylose 
or arabinose; no growth with fructose, ribose, lactose, agar, or 
Nacetylglucosamine (the optical isomers of the sugars were 
not described). Amino acids are not fermented. A supple- 
ment of vitamins is required; yeast extract enhances growth. 

Fermentation products from glucose include acetate, 
ethanol, and lactate; H, not produced. 

Haloalkaliphilic; growth in soda solution at optimal pH 
8.4-9.4 with limits pH 7.9-9.7. Growth is Na-dependent. 
No growth below 2% (w/v) NaCl or above 8% (w/v) NaCl. 
Optimum NaCl concentration, 3-6% (w/v). Requires car- 
bonate anion. Optimum temperature for growth, 33-37*C; 
range, 20-43°C; broad thermal adaption with prolonged 
lag phase. 

Source: mud of alkaline Lake Khatyn in Tuva, Central 
Asia. 

DNA G+C content (mol % ): 49.2 (T). 

Type strain: strain Z-7591, ATCC 700261, DSM 8901. 

Sequence accession no. (16S rRNA gene): X93926. 


. Spirochaeta aurantia Canale-Parola 1980, 594% 


au.ran'tia. N.L. fem. adj. aurantia orange-colored. 


Helical cells, 0.3 um in diameter and 5-50 um in length. 
Most cells in cultures measure 10-20 um in length during 
exponential growth. Spherical bodies 0.5-2.0 um in diam- 
eter are present, especially in the stationary phase of growth 
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orwhen the cells are incubated at temperatures unfavorable 
for growth (e.g., 37°C). The spherical bodies are either in 
association with cells or free. Each cell has two subterminally 
inserted periplasmic flagella in a 1:2:1 arrangement. Phase- 
contrast photomicrographs and electron micrographs of 
the cells have been published (Breznak and Canale-Parola, 
1969, 1975; Canale-Parola et al., 1968). 

Colonies on aerobic plates (in media containing 1 g of 
agar/100 ml; see Breznak and Canale-Parola, 1975) are 
1—4 mm in diameter, yellow-orange to orange, round with 
slightly irregular edges, growing primarily within the agar 
medium just under the surface, sometimes with a slightly 
raised center. At low carbohydrate concentrations (see 
Breznak and Canale-Parola, 1975), the colonies are larger, 
and they diffuse through the agar medium in the shape of 
almost perfect circles. Under these growth conditions, the 
colonies have a lower cell density and their pigmentation 
is not readily apparent. Anaerobically grown colonies are 
white. Subsurface anaerobic colonies are spherical, fluffy, 
1-3 mm in diameter. 

Facultatively anaerobic, having both fermentative and 
respiratory types of metabolism. Carbohydrates, but not 
amino acids, are utilized as energy sources for growth 
(Breznak and Canale-Parola, 1969, 1975). Amino acids but 
usually not inorganic ammonium salts or nitrates serve as 
sole nitrogen sources. Exogenous thiamine is required by 
all strains tested, and riboflavin is required by most strains. 
Exogenous biotin is required for growth of the type strain 
and is stimulatory to the growth of other strains (Breznak and 
Canale-Parola, 1975). Nitrate is reduced to nitrite anaerobi- 
cally. Oxidase-negative. Weakly catalase-positive. Superoxide 
dismutase (SOD) is present, and levels of SOD are higher in 
aerobically grown cells than anaerobically grown cells. 

Optimum growth occurs between 25 and 30°C. Slow 
growth occurs at 15°C and usually no growth occurs at 5°C. 
There is poor or no growth at 37°C. Optimum growth yields 
result when the initial pH of the medium is 7.0-7.3. 

Cells grown anaerobically, ferment glucose primarily to 
ethanol, acetic acid, CO,, and H, (Breznak and Canale- 
Parola, 1969, 1972b). Under aerobic conditions, growing 
cells oxidize glucose mainly to CO, and acetic acid (Breznak 
and Canale-Parola, 1972a). 

Cells growing aerobically produce carotenoid pigments 
responsible for the yellow-orange to orange color of colonies. 
The major carotenoid pigment is 1',2'-dihydro-'-hydro- 
xytorulene (Greenberg and Canale-Parola, 1975). Nonpig- 
mented mutants have been isolated. 

Chemotactic toward carbohydrates, but not toward 
amino acids. 

Based on 16S rRNA sequence comparisons, Spirochaeta 
aurantia branches deeply within the family Spirochaetaceae 
and may warrant separate genus designation (Figure 84). 

Source: Water and mud of freshwater ponds and swamps. 

DNA G+C content (mol96): 61-65 (Bd). 

Type strain: strain J1, ATCC 25082, DSM 1902. 

Sequence accession no. (16S rRNA gene): M57740. 


Spirochaeta aurantia subsp. aurantia Canale-Parola 1980, 
594%! 

The characteristics are as described for the species. 
Distinguished from the subspecies stricta by having a cell 
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wavelength of 2.0-2.8 um, a wave amplitude of 0.5 um (the 
cells have loose coils), and a mol% G+C of 62-65 (Bd). 
Type strain: ATCC 25082. 


Spirochaeta aurantia subsp. stricta subsp. nov. 


stric'ta. L. v. stringere to draw tight, compress; L. fem. part. 
adj. stricta drawn tight. 


The characteristics are as described for the species. Dis- 
tinguished from the subspecies aurantia by having a cell 
wavelength of 1.1-1.5 um, a wave amplitude of 0.35 um 
(cells have tight coils), and a mol% G+C of 61 (Bd). 

Type strain: JAT (Breznak and Canale-Parola, 1975). 


. Spirochaeta bajacaliforniensis Fracek and Stolz 2004, 631°” 


(Effective publication: Fracek and Stolz 1985, 324.) 


ba.ja.ca.li.for.ni.en'sis. N.L. fem. adj. bajacaliforniensis of or 
belonging to Baja California for the geographical location 
from where it was isolated. 


Helical cells, 0.2-0.3 um by 15-45 um. Shorter (10 um) 
and longer (up to 300 um) cells may occur. Highly motile. 
The amplitude is 0.5 um and the wavelength is 1.0-1.5 um. 
Two subterminally inserted periplasmic flagella are present 
in a 1:2:1 arrangement. The ratio of protoplasmic cylinder 
diameter to the cell diameter is 2:3. The surface of the pro- 
toplasmic cylinder has a characteristic polygonal pattern. 
Subsurface colonies are fluffy, white, and spherical. 

Strictly anaerobic. Arabinose, cellobiose, galactitol, fruc- 
tose, galactose, gluconate, glucose, inulin, lactose, malate, 
maltose, mannitol, pyruvate, rhamnose, sorbose, and treha- 
lose are fermented (the optical isomers of the sugars were 
not described (Fracek and Stolz, 1985). Products of glucose 
fermentation are acetate, ethanol, CO,, and H,. No test for 
formate was performed. Catalase-negative. 

Grow in media containing at least 2096 seawater and 
0.12 M NaCl. Reducing agent required in liquid medium. 
Growth on solid medium occurs in an 80% N,, 17% CO,, 
and 3% H, atmosphere. 

Temperature optimum: 36°C. Do not grow below 25°C or 
above 44°C. Optimum growth at pH 7.5. 

Source: anaerobic sulfide-rich mud underlying the lami- 
nated sediment of the microbial mats at North Pond, 
Laguna Figueroa, Baja California Norte, Mexico. 

DNA G+C content (mol96): 50.1 (Bd). 

Type strain: strain BA-2, ATCC 35968, DSM 16054. 

Sequence accession no. (16S rRNA gene): M71239. 


. Spirochaeta caldaria Pohlschroeder 1994, 21%? 


cal.da'ri.a. L. fem. adj. caldaria of warm water, inhabiting 
warm water. 


Motile, helical cells, 0.2-0.3 um in diameter and mostly 
15-45 um in length, the outermost structure being an outer 
membrane (outer sheath) enclosing the periplasmic flagella 
in a 1:2:1 arrangement and the protoplasmic cylinder. Cells 
have regular, stable primary coils. Broader secondary coils 
occasionally are present in cells in motion. Subsurface colo- 
nies (in media containing 1 g agar per 100 ml) are white, 
fluffy, cotton ball-like, approximately 2-3 mm in diameter. 

Obligately anaerobic, fermentative, utilizes carbohydrates 
as carbon and energy sources. Amino acids do not serve as 
fermentable substrates for growth. Fermentable compounds 
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include r-arabinose, p-galactose, p-glucose, p-mannose, 
D-fructose, D-xylose, cellobiose, cellotriose, cellotetraose, lac- 
tose, maltose, sucrose, and starch. The following substances are 
not fermented: r-ribose, mannitol, cellulose, xylan, glycerol, 
peptone, casein hydrolysate, and sodium acetate. Exogenous 
fatty acids, reported to be needed by Treponema species for 
cellular lipid synthesis and growth (Livermore and Johnson, 
1974; Miller et al., 1991), are not required. A supplement 
of vitamins is required. Specific vitamin requirements have 
not been determined. Products of D-glucose fermentation 
are H,, CO,, acetate, and lactate. 

Grows in the presence of rifampicin (100 pg/ml of 
medium). Growth is inhibited by penicillin G, neomycin, 
chloramphenicol, or tetracycline (10 pg/ml of medium 
each). 

Thermophilic. Grows optimally between 48 and 52°C. No 
growth at 25 or 60°C. No growth in the presence of 0.4% 
NaCl or higher NaCl concentrations. 

Source: freshwater hot springs. 

DNA G+C content (mol % ): 45 (T). 

Type strain: strain H1, ATCC 51460, DSM 7334. 

Sequence accession no. (16S rRNA gene): M71240, EU580141. 


. Spirochaeta cellobiosiphila Breznak and Warnecke 2008, 


2762," 

cel.lo.bi.o.si'phi.la. N.L. neut. n. cellobiosum cellobiose; N.L. 
fem. adj. phila from Gr. fem. adj. philé friendly to, loving; 
N.L. fem. adj. cellobiosiphila loving cellobiose, isolated from 


a microbial mat, Little Sippewissett salt marsh, Woods Hole, 
MA, USA. 


Cells are pale yellow, 0.3—0.4x10—-12 um in size and helical, 
with a body pitch of 1.4 um. Motile by means of two (occa- 
sionally four) periplasmic flagella, of which one (or two) is 
inserted near each end of the cell. Facultatively anaerobic 
and catalase-negative. Growth occurs at 9-37°C (optimally 
at or near 37°C), at initial pH 5-8 (optimally at initial pH 
7.5) and in media prepared with 20-100% (v/v) seawater 
(optimally at 60-80%) or containing 0.10-1.00 M NaCl 
(optimally at 0.30—0.40 M). A variety of monosaccharides 
and disaccharides and pectin (but not cellulose or arabi- 
noxylan) are used as energy sources; the most rapid growth 
occurs on cellobiose. Neither organic acids nor amino acids 
are utilized as energy sources. One or more amino acids in 
tryptone and one or more components of yeast extract are 
required for growth. The products of cellobiose fermenta- 
tion are acetate, ethanol, CO,, H,, and small amounts of 
formate. Aerated cultures oxidize cellobiose incompletely 
to acetate (and, presumably, CO,) plus small amounts of 
ethanol and formate; they exhibit a Y... value that is 1.2- 
fold greater than that of cellobiose-fermenting cultures. 

Source: interstitial water of a cyanobacteria-containing 
microbial mat collected from Little Sippewissett salt marsh, 
Woods Hole, MA, USA. 

DNA G+C content (mol96): 41.4 (HPLC). 

Type strain: strain SIP1, ATCC BAA-1285, DSM 17781. 

Sequence accession no. (16S rRNA gene): EU448140. 


Spirochaeta halophila Greenberg and Canale-Parola 1976, 
193%: 

ha.lo.phi'la. Gr. n. kals, halos salt; Gr. adj. philus -ê -on loving; 
N.L. fem. adj. halophila salt-loving. 
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Helical cells, 0.4 um in diameter and 15-30 um in length. 
Some of the cells in cultures are as short as 5 um and as long 
as 60 um. Cells have regular, stable primary coils. Spherical 
bodies 1-2 um in diameter occur in cultures, especially in 
the stationary phase of growth or during growth at unfavor- 
able temperatures (e.g., 45°C). Each cell has two subtermi- 
nally inserted periplasmic flagella that overlap in the central 
region of the cell (1:2:1 arrangement). Phase-contrast 
micrographs and electron micrographs of the cells have 
been published (Greenberg and Canale-Parola, 1976). 

Colonies growing aerobically on ISM plates (0.75 g of 
agar/100 ml of medium) are red, round, with areas of dif- 
fuse growth at their periphery, and usually 2-6 mm in dia- 
meter (after 5 d at 35°C). Each colony grows partially above 
and partially below the surface of the agar medium. Anaer- 
obically grown colonies are white. When cells are streaked 
onto agar medium plates and incubated anaerobically, the 
colonies grow below the surface of the medium and are 
spherical, diffuse and white. 

Facultatively anaerobic, having both respiratory and 
fermentative types of metabolism. Carbohydrates, but not 
amino acids, are utilized as energy sources for growth 
(Greenberg and Canale-Parola, 1976). Cells have specific 
growth requirements for relatively high concentrations of 
Nat, Cl, Ca*, and Mg* (Greenberg and Canale-Parola, 
1976). Optimum cell yields result when 0.75 M NaCl, 0.2 M 
MgSO, and 0.01 M CaCl, are included in growth media con- 
taining (in g/100 ml) a carbohydrate (0.5), peptone (0.2), 
and yeast extract (0.4). No growth occurs when any one of 
the three inorganic salts is omitted from the medium (e.g., 
ISM medium). Nitrate is reduced to nitrite anaerobically. 
Catalase-negative. Cells growing anaerobically ferment glu- 
cose primarily to ethanol, acetic acid, CO,, and H, (Green- 
berg and Canale-Parola, 1976). Under aerobic conditions, 
growing cells oxidize glucose mainly to CO, and acetic acid 
(Greenberg and Canale-Parola, 1976). 

Optimum temperature, 35-40°C. Poor growth occurs 
at 45°C and no growth occurs at 22°C. Cells growing aero- 
bically produce carotenoid pigments responsible for the 
red color of the colonies. The major carotenoid pigment 
is 4-keto-l',2’-dihydro-l’-hydroxytorulene (Greenberg and 
Canale-Parola, 1975). Nonpigmented mutants, occurring 
spontaneously in cultures, have been isolated. 

Source: H,S-containing mud of a high salinity pond (Solar 
Lake) located on the Sinai shore of the Gulf of Elat. 

DNA G+C content (mol % ): 62 (T.., Bd). 

Type strain: strain RS1, ATCC 29478, DSM 10522. 

Sequence accession no. (16S rRNA gene): M88722. 


Spirochaeta isovalerica Harwood and Canale-Parola 1983, 
578v 

iso.va.le.ri‘ca. N.L. n. acidum isovalericum isovaleric acid; 
N.L. fem. adj. isovalerica intended to mean pertaining to 
isovaleric acid, the major acid formed as a fermentation 
product from branched-chain amino acids. 

Helical cells, 0.4 um in diameter and 10-15 um in length. 
Shorter (6 um) and longer (up to 50 um) cells occur in 
cultures. Motile. Two subterminally inserted periplasmic 
(axial) fibrils are present in a 1:2:1 arrangement. The pro- 
toplasmic cylinder and periplasmic fibrils are enclosed in 
an outer sheath. Gram-stain-negative. 
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Chemo-organotrophic. Grows (final yield, 6-9x105 cells 
per ml) in medium containing yeast extract, trypticase, pep- 
tone, a carbohydrate, and inorganic salts under anaerobic 
conditions. No growth occurs aerobically. Subsurface colo- 
nies in medium containing 0.8% agar (Difco) are spherical 
and white, resembling cotton balls in appearance. Growth 
(final yield, 3-6x10? cells per ml) occurs in a chemically 
defined medium containing glucose, cysteine or sulfide, 
asparagine, vitamins, 0.3 M NaCl, 0.05 M MgSO,, 0.01 M 
KCl, 0.01 M CaCl,, and trace elements. Exogenously sup- 
plied vitamins are not required for growth, but a mixture 
of vitamins stimulates growth. Fails to grow when NaCl is 
omitted from the medium. Growth is stimulated by MgSO, 
and CaCl,. Inorganic ammonium salts or amino acids serve 
as nitrogen sources. Carbohydrates, but not amino acids, 
serve as carbon and energy sources for growth. 

The major products of glucose fermentation are CO,, H,, 
acetate, and ethanol. Cells have the ability to generate ATP 
by catabolizing r-leucine, r-isoleucine, and r-valine to form 
isovalerate, 2-methylbutyrate, and isobutyrate, respectively, 
as end products. ATP formed in this way is utilized by cells 
to prolong survival during periods of growth substrate star- 
vation. Smaller amounts of isobutanol and isoamyl alcohol 
are also formed by cells from valine, isoleucine, and leu- 
cine. Catalase-negative. Nitrate not reduced to nitrite. 

Optimum temperature range, 15-35°C. Poor growth at 
5 and 39°C. 

Source: anoxic marine marsh mud. 

DNA G+C content (mol96): 63.6—65.6 (T). 

Type strain: strain MA-2, ATCC 33939, DSM 2461. 

Sequence accession no. (16S rRNA gene): M88720. 


Spirochaeta litoralis Canale-Parola 1980, 594" 
li.to.ra'lis. L. fem. adj. litoralis of the shore. 


Helical cells, 0.4—0.5 um in diameter and 5.5-7.0 um in 
length. The cells are regularly and tightly coiled during the 
exponential phase of growth. Spherical bodies (2.0-3.5 um 
in diameter) are present in the stationary growth phase 
under unfavorable growth conditions (e.g., in the presence 
of O,). Two subterminally inserted periplasmic flagella are 
present in a 1:2:1 arrangement. Phase-contrast photomi- 
crographs and electron micrographs of the cells have been 
published (Hespell and Canale-Parola, 1970b; Joseph and 
Canale-Parola, 1972). 

Subsurface colonies in agar media are spherical, fluffy, 
cream colored, 1-5 mm in diameter. Surface colonies 
(anaerobic) are round, growing partially within the agar 
medium, cream colored, and 2-5 mm in diameter. 

Obligately anaerobic, having a fermentative type of 
metabolism. Various carbohydrates are fermented (Hespell 
and Canale-Parola, 1970b). Main products of glucose fer- 
mentation are ethanol, acetic acid, CO,, H,, and trace 
amounts of lactic, formic, and pyruvic acids (Hespell and 
Canale-Parola, 1970b, 1973). Nitrite is not accumulated 
in the medium by cells growing in the presence of nitrate. 
Catalase-negative. 

Cells grow in media prepared with seawater, but do 
not grow in media prepared with freshwater unless NaCl 
is added (minimum concentration, 0.05 M; optimum, 
0.35 M). Cells have specific requirements for Na* and CI. 
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Exogenous supplements of biotin, niacin, and coenzyme A 
are required for growth. Coenzyme A may be replaced by 
pantothenate, but the resulting cell yields are low. Added 
thiamine is stimulatory for growth. A reducing agent (e.g., 
sulfide or cysteine) is required for growth in laboratory 
media. Cells grow in chemically defined media containing 
glucose, (NH,),SO, or amino acids, sulfide, NaCl, vitamins, 
coenzyme A, and inorganic salts (Hespell and Canale- 
Parola, 1970b). 

Optimum temperature, near 30°C. Growth occurs slowly 
at 15°C and not at all at 5°C or 40°C. Optimum growth 
yields result when the initial pH of the medium is between 
7.0 and 7.5. 

Source: sulfide-containing marine mud. 

DNA G+C content (mol% ): 51 (Bd). 

Type strain: strain RI, ATCC 27000, DSM 2029. 

Sequence accession no. (16S rRNA gene): M88723. 


Spirochaeta smaragdinae Magot, Fardeau, Arnauld, Lanau, 
Ollivier, Thomas and Patel 1997, 190%? 


sma.rag.di'nae. L. masc. n. smaragdus emerald; N.L. gen. n. 
smaragdinae intended to mean from Emerald, the name of 
the oilfield in Congo, Central Africa. 


Spirochetes with corkscrew-like motility. Spiral cells are 
0.3-0.5 um in diameter and 5-30 um in length with two 
periplasmic flagella in a 1:2:1 arrangement. Produce trans- 
lucent colonies with regular edges and a diameter of 0.5 mm 
after 2 weeks at 37°C. 

Obligately anaerobic chemo-organotroph. Growth occurs 
in the presence of fructose, galactose, D-xylose, D-glucose, 
ribose, p-mannose, mannitol, glycerol, yeast extract, biotryp- 
ticase, and fumarate, but not with p-arabinose, rhamnose, 
sorbose, L-xylose, sucrose, maltose, acetate, butyrate, pro- 
pionate, pyruvate, lactate, or Casamino acids. Yeast extract 
is required for growth and cannot be replaced by a vitamin 
mixture. Thiosulfate and elemental sulfur are reduced to 
sulfide. Glucose is oxidized to lactate, acetate, CO,, and H,S 
in the presence of thiosulfate, and to lactate, ethanol, CO,, 
and H, in its absence. Fumarate is fermented to acetate and 
succinate. 

Obligately halophilic. Optimum NaCl concentration for 
growth is 5% and the NaCl concentration range for growth 
is 1.0-10%. Optimum temperature for growth is 37°C with 
growth occurring between 20 and 40*C. Optimum pH is 7.0 
with growth occurring between pH 5.5 and 8.0. Doubling 
time in the presence of glucose and thiosulfate under opti- 
mal conditions is about 25 h. 

Source: oil-injection water from Emerald oilfield in Congo, 
Central Africa. 

DNA G+C content (mol96): 50 (HPLC). 

Type strain: strain SEBR 4228, DSM 11293, JCM 15392. 

Sequence accession no. (168 rRNA gene): U80597. 


Spirochaeta stenostrepta Zuelzer 1912, 17^- 


ste.no.strep'ta. Gr. adj. stenos narrow; Gr. adj. streptos -é -on 
pliant, easily bent; N.L. fem. adj. stenostrepta tightly coiled. 


Helical cells, 0.2-0.3 um in diameter and 15-45 um in 
length. Some of the cells in cultures are shorter than 15 um. 
In the late exponential and stationary phases the organ- 
isms increase in length (up to 300 um). Long organisms 
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occasionally pair and become entwined, or a single organism 
becomes partially wrapped around itself. The cells have 
regular, stable primary coils. Cells in motion occasionally 
exhibit broader secondary coils or waves superimposed on 
the smaller primary coils. Spherical bodies generally 1-3 um 
in diameter are occasionally observed in cultures. The spher- 
ical bodies occur either free or in association with helical 
cells. Each cell has two subterminally inserted periplasmic 
flagella that overlap in the central region of the cell (1:2:1 
arrangement). Phase-contrast photomicrographs and elec- 
tron micrographs of the cells have been published (Canale- 
Parola et al., 1967, 1968; Holt and Canale-Parola, 1968). 

Subsurface colonies (in GYPT medium containing 1.5 g 
agar/100 ml) are white, spherical, fluffy, and approximately 
2-3 mm in diameter when fully developed. Smaller spherical 
colonies may occasionally lack the characteristic fluffiness. 

Obligately anaerobic, having a fermentative type of 
metabolism. Various carbohydrates are fermented (Hespell 
and Canale-Parola, 1970a). The main products of glucose 
fermentation are ethanol, acetic acid, CO,, H,, and smaller 
amounts of lactic acid (Canale-Parola et al., 1967, 1968; 
Hespell and Canale-Parola, 1970a). Catalase-negative. 

Growth reported only on complex media. Minimal 
growth requirements are unknown. Growth occurs between 
15 and 40°C; optimum temperature is 35-37°C. Optimum 
growth yields result when the initial pH of the medium is 
between 7.0 and 7.5. 

Based on 16S rRNA sequence comparisons, Spirochaeta 
stenostrepta does not belong with other free-living Spiro- 
chaeta, but is more closely related with members of the 
genus Treponema (Figure 84). 

Source: H,S-containing mud ofa freshwater pond (Canale- 
Parola et al., 1967, 1968). 

DNA G+C content (mol % ): 60 (Bd). 

Type strain: strain Zl, ATCC 25083, DSM 2028. 

Sequence accession no. (16S rRNA gene): M88724. 


Spirochaeta thermophila Aksenova, Rainey, Janssen, Zavar- 
zin and Morgan 1992, 176"" 


ther.mo'phi.la. Gr. n. thermé heat; Gr. fem. adj. philé loving; 
N.L. fem. adj. thermophila heat-loving. 


Helical cells, 0.2-0.25 um in diameter and 16-50 um in 
length. An outer sheath encloses a protoplasmic cylinder; 
two periplasmic flagella in a 1:2:1 arrangement are subter- 
minally anchored by an insertion disc. No cell lysis in 396 
KOH. 

Strictly anaerobic chemo-organotroph. Utilizes various 
mono-, di-, and polysaccharides but not sugar alcohols, 
organic acids, or amino acids. Glucose is fermented via 
the Embden-Meyerhof-Parnas pathway, involving a pyro- 
phosphate-dependent phosphofructokinase. Fermentation 
end products from glucose are acetate, CO,, H,, and lac- 
tate. Ethanol and succinate not produced. No reduction 
of fumarate, nitrate, oxygen, sulfate, or sulfur. Indole not 
formed; urea not hydrolyzed. Sulfide not produced from 
cysteine; esculin hydrolyzed. Inhibited by penicillin, neo- 
mycin, erythromycin, tetracycline, polymyxin B, and novo- 
biocin but resistant to rifampicin and streptomycin. 

Temperature range for the type strain, 40—73*C (opti- 
mum, 66-68*C). pH range for the type strain, 5.9-7.7 
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(optimum, 7.5). NaCl concentration range for the type 
strain, 0.5-4.5% (optimum, 1.5%). Doubling time, 70 min. 
Temperature, pH, and salinity parameters vary for different 
strains, reflecting the environmental conditions prevailing 
at the sites of isolation. 

Source: marine hot spring near the beach on Shiashkotan 
Island, Soviet Far East, USSR. 

DNA G+C content (mol96): 52 (T). 

Type strain: strain Z-1203, ATCC 700085, DSM 6578. 

Sequence accession no. (16S rRNA gene): X62809, L09180. 


Spirochaeta zuelzerae Canale-Parola 1980, 594%” ( Treponema 
zuelzerae Veldkamp 1960, 122) 


zu.el.ze'rae. N.L. fem. gen. n. zuelzerae of Zuelzer, named 
after Margarete Zuelzer, who described the occurrence of 
morphologically diverse spirochetes in sulfide-containing 
environments. 


Helical cells, 0.2-0.35 um in diameter and 8-16 um in 
length. Shorter cells (as short as 2-3 um) are occasionally 
observed in cultures. Long organisms (up to 80 um) are 
present in old cultures. Exponentially growing cells have 
fairly regular, stable primary coils. Secondary coils or waves 
are present infrequently. Spherical bodies, generally not 
exceeding 3-4 um in diameter, are formed usually at the 
ends of the cells in the stationary phase of growth. Two 
subterminally inserted periplasmic flagella are present in 
a 1:2:1 arrangement. Phase-contrast photomicrographs 
and electron micrographs of the cells have been published 
(Canale-Parola et al., 1968; Joseph and Canale-Parola, 
1972). 

The type strain was originally isolated from an enrich- 
ment culture for green photosynthetic bacteria that had 
been inoculated with sulfide-containing mud from a fresh- 
water pond (Veldkamp, 1960). Subsurface colonies in agar 
media (for composition of medium, see Veldkamp (1960), 
and also SZ medium in table) are white, fluffy, spherical, 
with a tendency to diffuse in the agar medium. Disc-shaped 
colonies are present occasionally. 

Obligately anaerobic, having a fermentative type of metab- 
olism. Various carbohydrates are fermented (Veldkamp, 
1960). Cells growing in media containing 0.05% NaHCO, 
ferment glucose mainly to acetic, lactic, and succinic acids, 
CO,, and H, (Veldkamp, 1960). Catalase-negative. 

Growth occurs at 20°C but not at 45°C. The optimum 
temperature range is 37-40°C. Growth is optimum when 
the initial pH of the medium is between 7 and 8. Inorganic 
ammonium salts or nitrates are not utilized as sole nitro- 
gen sources. Added CO, is an absolute requirement for 
growth (Veldkamp, 1960). Growth has been reported only 
on complex media. The minimal growth requirements are 
unknown. 

Cells have a protein antigen that gives a positive comple- 
ment fixation reaction with syphilitic serum. 

Based on 16S rRNA sequence comparisons, Spirochaeta 
zuelzerae does not belong with other free-living Spirochaeta, 
but is more closely related with members of the genus 
Treponema (Figure 84). 

DNA G+C content (mol % ): 56 (Bd). 

Type strain: ATCC 19044, DSM 1903. 

Sequence accession no. (16S rRNA gene): M88725. 
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Other organisms 


1. Spirochaeta coccoides Dróge, Frohlich, Radek and Kónig 
2006, 1460"? (Effective publication: Dröge, Frohlich, Radek 
and Kónig 2006, 396.) 


coc.co'i.des. Gr. n. kokkos a berry; L. fem. suff. -oides [from Gr. 
suff. -eides (from Gr. n. eidos that which is seen, form, shape, 
figure)], resembling, similar. N.L. fem. adj. coccoides berry- 
shaped. 


Placement within the genus Spirochaeta is questionable 
owing to the absence of defining morphological, ultrastruc- 
tural, and behavioral features (i.e., helically shaped motile 
cells with protoplasmic cylinder and periplasmic fibrils 
enclosed in an outer sheath). In this regard, this species 
resembles isolates from freshwater sediments referred to as 
“free-living pleomorphic spirochetes” or FLiPS (Ritalahti 
and Lóffler, 2004). 16S rRNA sequence analysis indicates 
that these microbes form a cluster within the Spirochaeta— 
Treponema branch of the Spirochaetaceae tree, and should be 
considered for separate taxonomic status. 

Type strain: strain SPN1, DSM 17374, ATCC BAA-1237. 

Sequence accession no. (16S rRNA gene): AJ698092. 

It has long been known that greater diversity exists among 
the free-living spirochetes capable of anaerobic growth 
than is reflected by the species presently recognized in the 
genus Spirochaeta. For example, a free living, strictly anaero- 
bic spirochete (strain Z4), resembling Spirochaeta zuelzerae 
morphologically, but differing in certain physiological prop- 
erties, has been isolated from freshwater mud (Canale-Parola 
et al., 1968). The spirochete ferments glucose to acetic, lac- 
tic, succinic, and formic acids, ethanol, CO,, and H,. Unlike 
Spirochaeta zuelzerae, it does not require an exogenous source 
of CO, and the mol% G+C of its DNA is 59.2 (Bd). 

Additionally diverse obligate anaerobic thermophilic 
strains of Spirochaeta have been isolated from thermal springs 
and other high temperature environments. For example, a 
strain isolated from a hydrothermal spring on Raoul Island 
of the Kermadec archipelago of New Zealand exhibited 
maximum growth at 73°C (Rainey et al., 1991). This iso- 
late fermented a range of mono-, di-, and polysaccharides, 
including cellulose. 

Various strains of facultatively and obligately anaero- 
bic spirochetes have been isolated from marine environ- 
ments, including intertidal muds and water. An obligately 


anaerobic strain was isolated from water collected at a depth 
of 2550 m near the Galapagos hydrothermal vents in the 
Pacific Ocean (Harwood et al., 1982). These isolates are 
indigenous to marine environments inasmuch as they have 
Na* requirements typical of marine bacteria. The faculta- 
tively anaerobic marine isolates form either white or yellow 
colonies. Thus, they differ both in salt requirements and in 
pigmentation from the facultatively anaerobic species Spi- 
rochaeta aurantia, which is a freshwater species and forms 
orange colonies, and Spirochaeta halophila, which requires 
high concentrations of Ca* and Mg* and forms red colonies. 
However, 16S rRNA sequences are not available for these 
strains to determine their phylogenetic relationships with 
other species of Spirochaeta. 


Diversity of not-yet-cultivated species. The breadth of diver- 
sity of species of Spirochaeta is impressive. By cloning and sequenc- 
ing of 16S rRNA genes amplified from DNA isolated from a wide 
variety of environments, over 100 phylotypes of not-yet-cultivated 
species of Spirochaeta have been identified. These environments 
include the following: (1) microbial mats from deltas in France 
and Spain (Berlanga et al., 2003), Puerto Rico, and California; 
(2) hypersaline soda lakes in Asia, Africa, Egypt, and California; 
(3) volcano seep sediments in Greece and Japan; (4) marine 
sediments in China and Japan; (5) gray whale bone from deep- 
sea; (6) Alvinella pompeiana white tube worms and other gutless 
worms from deep-sea vents; (7) forested wetlands; (8) fresh water 
ponds or lakes in China, Japan, Greece, and Massachusetts, USA; 
(9) karyomastigonts (protozoa); and (10) termite hindguts. Phy- 
logenetic analysis of representatives of these taxa and their Gen- 
Bank accession numbers are shown in Figure 85. 

Notably, some of these not-yet-cultivated species of Spirochaeta 
are “host-associated”, i.e., found in termite hindguts (Figure 
85). In contrast, most termite spirochetes fall within the genus 
Treponema (see chapter on Treponema). Conversely, as discussed 
above, there are several “free-living” species of Spirochaeta, e.g., 
Spirochaeta zuelzerae, Spirochaeta stenostrepta, and Spirochaeta cal- 
daria, that are more closely related to “host-associated” mem- 
bers of the genus Treponema than to other “free-living” members 
of the genus Spirochaeta. Consequently, these data suggest that 
“free-living” vs “host-associated” designations may not be valid 
taxonomic criteria to differentiate species of Spirochaeta and 
Treponema. 


Genus Il. Borrelia Swellengrebel 1907, 582^- 


GuiaiNG WANG AND IRA SCHWARTZ 


Bor.re'li.a. N.L. fem. n. Borrelia named after Amedée Borrel (1867—1936). 


Helical cells are 0.2-0.5 mm by 3-30 mm, composed of 3-10 
loose coils. The cells are surrounded by a surface layer, an 
outer membrane, periplasmic flagella, and a protoplasmic cyl- 
inder (Figure 86). Typically, 15-20 periplasmic flagella (which 
also have been termed endoflagella, axial fibrils, or periplasmic 
fibrils) originate at each end of the cell and wind about the pro- 
toplasmic cylinder to overlap in the middle of the cell. The pro- 
toplasmic cylinder consists of a peptidoglycan layer and an inner 


membrane which encloses the internal components of the cells. 
The cells are actively motile with frequent reversal of the direc- 
tion of translational movement. Gram-stain-negative. Stain well 
with Giemsa stain. Species which have been grown n vitro are 
microaerophilic. Nutritional requirements for in vitro growth 
are complex. Arthropod-borne pathogens of man, other mam- 
mals, and birds. The causative agents of tick-borne Lyme disease 
and relapsing fever and louse-borne relapsing fever in man. 


GENUS Il. BORRELIA 


5% 


485 


Microbial mats, Puerto Rico & California; DQ329698 (6) 
Hypersaline microbial mat; DQ154846 


Microbial mats, Spain & California; AY605135 (4) 
Microbial mat, California; DQ329733 
Microbial mat, Puerto Rico; EU245250 (6) 
Microbial mat, France; AY605150 
Microbial mats, Puerto Rico & Spain; AY605174 (3) 
Microbial mats; Puerto Rico, California & France; AY605154 (4) 
Microbial mat, Puerto Rico; EU246240 
Microbial mat, Puerto Rico; EU245118 (2) 
Hypersaline lake, Egypt; DQ432375 
Microbial mat, Spain; AY605127 
Microbial mats, France & California; AY605164 (2) 
Microbial mat, Spain; AY605171 
Microbial mat, Puerto Rico; EU245339 
Microbial mat, Puerto Rico; EU245691 (4) 
Microbial mats, Puerto Rico & California; EU245678 (6) 
Microbial mat, California; DQ329718 


Microbial mat, California; DQ329699 


Microbial mat, Puerto Rico; EU245461 (3) 
Alkaliphilic, Mono Lake, California; AF454308 
Spirochaeta african a 
Spirochaeta asiatica 
Alkaliphilic, Mono Lake, California; AF507855 
Spirochaeta alkalica 
Spirochaeta halophila 
Microbial mat, Spain; AY605175 
Microbial mat, Spain; AY605159 
Microbial mats, Spain & Puerto Rico; AY605132 (2) 
Grey whale bone, deep sea; AY922180 


Hydrothermal vent sediment, Guaymas Basin; AY 197374 


Termite hindgut, Nasutitermes sp.; EF454901 
Termite hindgut, Reticulitermes speratus ; AB088873 


Deep sea sediment, Japan Sea; AB121108 
Lucinid bivalve endosymbiont; AM236337 
Amsterdam mud volcano; AY592404 


Spirochaeta coccoides 


Nautilus macromphalus endosymbiont; AM399077 
Deep sea sediment, Japan Sea; AB121100 
Gray whale bone, deep sea; AY922204 
Microbial mat, Spain; AY605142 
Microbial mat, California; DQ329738 
Spirochaeta smaragdinae 
Spirochaeta bajacaliforniensis 
Microbial mat, Spain; AY605167 
Microbial mats; Spain, France & Puerto Rico; AY605176 (8) 
Microbial mats, Spain & California; AY605136 (6) 
Microbial mat, Puerto Rico; EU245577 
Microbial mat, Spain; AY605134 
Microbial mat, France; AY605155 
Microbial mat, Spain; AY605133 
Seep sediment, Gulf of Cadiz; DQ004672 
Microbial mats, Spain & California; AY605138 (4) 
Microbial mat, France; AY605165 
Microbial mats, Puerto Rico & California; EU245551 (2) 


FIGURE 85. Phylogenetic tree illustrating the diversity of cultivable and not-yet-cultivated species of the genus Spirochaeta based on 16S rRNA 
sequence comparisons. Not-yet-cultivated species are noted by their environmental source, location, and GenBank accession numbers. Numbers in 
parentheses indicate the number of sequences available for a given phylotype. The scale bar represents a 5% difference in nucleotide sequence. 


DNA G+C content (mol % ): 27-32. 
Type species: Borrelia anserina (Sakharoff 1891) Bergey, 
Harrison, Breed, Hammer and Huntoon 1925, 435... 


Further descriptive information 


DNA sequence analysis of rRNA and other conserved genes 
(e.g., fla, hbb) has established that Borrelia spp. fall into two 
major groups (Figure 87). The first major group contains the 
agents of Lyme borreliosis that were first isolated from Ixodes 
scapularis ticks (Burgdorfer et al., 1982). These include the 
three human-pathogenic species Borrelia burgdorferi (Johnson 
et al., 1984), Borrelia afzelii (Canica et al., 1993), and Borrelia 


garinii (Baranton et al, 1992) and seven other species that 
are minimally pathogenic or nonpathogenic: Borrelia japonica 
(Kawabata et al., 1993), Borrelia lusitaniae (Le Fleche et al., 
1997), Borrelia tanukii, Borrelia turdi (Fukunaga et al., 19962), 
Borrelia sinica (Masuzawa et al., 2001), Borrelia spielmanii (Richter 
et al., 2006), and Borrelia valaisiana (Wang et al., 1997). Spiro- 
chetes in the first major group are all transmitted by hard ticks 
in the Ixodes ricinus complex, and are referred to collectively 
as “Borrelia burgdorferi sensu lato” (Baranton et al., 1992; Wang 
et al., 1999). The second major group includes more than 20 
Borrelia species associated with relapsing fever that are mainly 
transmitted by soft-bodied or argasid ticks, with the exception 
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Microbial mats, Spain & Puerto Rico; AY605137 (2) 
Deep sea sediment, Pacific; AB177323 

Microbial mat, Spain & Puerto Rico; AY605144 (4) 
Hypersaline lake, La Macha, Spain; EF031095 
Microbial mat, Puerto Rico; EU245482 (4) 

Microbial mat, Puerto Rico; EU245142 

Microbial mats, Spain & California; AY605141 (2) 
Microbial mat, France; AY605152 

Microbial mats, France & Puerto Rico; AY605180 (3) 
Microbial mats; Spain, Puerto Rico, and California; AY605140 (8) 
Microbial mat, Spain; AY605126 

Microbial mat, Spain; AY605169 

Microbial mat, Puerto Rico; EU245523 (2) 


Termite hindgut, Reticulitermes speratus ; AB088910 
Termite hindgut, Reticulitermes speratus ; AB088897 
Termite hindgut, Reticulitermes speratus ; AB192150 
Termite hindgut, Neotermes koshunensis ; AB084961 
Bioreactor sludge; EF515492 
Anaerobic phenol-degrader; EF198027 
Spirochaeta thermophila 
Microbial mat, Spain; AY605173 
Microbial mat, Spain; AY605139 (2) 
Microbial mats, Spain & California; AY605128 (2) 
Arctic sediment; EU287233 
Microbial mat, France; AY605157 


Mud volcano sediment, Mediterranean Sea; DQ103600 


Sponge spirochete; AJ347045 
Sponge spirochete; EF076172 
Lake Suwa sediment, Japan; AB234282 
Spirochaeta strain TM3; X97096 
Lake Kastoria sediment, Greece; EF203193 


Microbial mat, Spain; AY605177 


Microbial mat, Spain; AY605146 
Microbial mat, California; DQ329754 


Surface slope sediment, China Sea; EU048676 
Microbial mat, Spain; AY605130 
Microbial mat, Spain; AY605143 
Microbial mats, Spain & Puerto Rico; AY605131 (4) 


Karyomastigont and microbial mat, Spain; AY337318 (3) 


Spirochaeta litoralis 
Spirochaeta isovalerica 
Spirochaeta cellobiosiphila ; EU448140 
Olavius loisae endosymbiont 4; AF104475 


Oiavius crassitunicatus endosymbiont; AJ620512 


Alvinella pompeiana endosymbiont; AJ431239 
Volcano sediment, Gulf of Cadiz; DQ004680 
Alvinella pompeiana endosymbiont; AJ432238 
Forrested wetlands, Georgia; AF523927 
Reed bed reactor, Wetlands grass; AB240336 
Freshwater isolate, China Pond; AJ565434 
Freshwater river, Massachusetts; AY947932 
Freshwater isolate, China Pond; AJ565433 
Spirochaeta auranti a 
[Spirochaeta] stenostrepta 
Treponema pallidum 
[Spirochaeta] zuelzerae 
Treponema denticol a 


FIGURE 85. (continued) 


of louse-borne Borrelia recurrentis (Table 121). Additional novel 
Borrelia species or strains closely related to the Lyme disease or 
relapsing fever borreliae have been described. Their taxonomic 
status and pathogenicity in humans remain to be determined. 
Cells of all species are helically shaped with similar cell mor- 
phology and ultrastructure (Barbour and Hayes, 1986; Cutler, 
2001; Wang et al., 2001). Among these, the Lyme disease bor- 
reliae are the longest (20-30 um) and narrowest (0.2-0.3 um). 
Borrelia burgdorferi periplasmic flagella have both skeletal and 
motility functions. Inactivation of the gene encoding the major 
periplasmic flagellar filament protein FlaB results in nonmotile 
cells that are also rod-shaped rather than helical (Motaleb et al., 


2000). Further, mutants may show only asymmetrical flagellar 
rotation in the nonchemotactic mutants (Li et al., 2002). 

The lipid compositions of the outer membrane and whole 
cell are highly similar, suggesting that bulk transfer of lipid 
occurs between the cytoplasmic and outer membranes. The iso- 
lated outer membrane of Borrelia burgdorferi has a specific gravity 
of 1.12-1.19 g/cm?, depending on the purification procedure 
used (Bledsoe et al., 1994; Radolf et al., 1995); this comprises 
approximately 16.5% of the whole spirochete by dry weight. 
Chemical analysis of the outer envelope of Borrelia burgdorferi 
revealed a composition of 45.9% protein, 50.8% lipid, and 3.3% 
carbohydrate (Coleman et al., 1986). The purified periplasmic 


FIGURE 86. Micrographs of Borrelia burgdorferi by light microscopy (a) and high voltage electron microscopy (b). The 
cell diameter of Borrelia burgdorferi strain 297 shown in electron microscopy is 0.33 pm. The bundle of periplasmic flagella 
is clearly visible in the cell on the right (the EM micrograph was provided by K. Buttle, S.F. Goldstein and N.W. Charon). 
(c) Cross-section of Borrelia burgdorferi strain B31. The periplasmic flagella are visible in the lower right of the cell (micro- 
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graph provided by N.W. Charon, West Virginia University). Reprinted from Wang et al. (2001), with permission. 
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Borrelia miyamotoi HT31' (D45192) 
91 - Borrelia theileri MT46 (DQ872186) 
“Borrelia lonestari" sp. nov. Texas20 (U23211) 
— Borrelia coriaceae Co53" (U42286) 
Borrelia hermsii HS1" (U42292) 
Borrelia parkeri M3001 (U42296) 
Borrelia turicatae M2007 (U42299) 
Borrelia anserina ES-1 (U42284) 

r— Borrelia persica UESV/340 (U42297) 
Borrelia hispanica UESV/246 (U42294) 
Borrelia crocidurae UESV/ACH (U42283) 

Borrelia recurrentis A1 (U42300) 
: Borrelia duttonii UESV/117DUTT (U42288) 
Borrelia afzelii PKo (CP000395) 
Borrelia spielmanii A14S (AF102056) 
Borrelia turdi Ya501" (D67022) 
Borrelia tanukii Hk501' (D67023) 
Borrelia valaisiana VS116" (X98232) 
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“Borrelia andersonii” sp. nov. 21038 (L46701) 


Borrelia japonica HO14" (L40597) 
Borrelia sinica CMN3' (AB022101) 
Borrelia burgdorferi B31" (U03396) 
“Borrelia bissettii" sp. nov. DN127 (AJ224141) 
Borrelia garinii 20047" (D67018) 
Borrelia lusitaniae PotiB2" (X98228) 


Borrelia turcica IST7! (AB111849) 
Treponema pallidum Nichols (AE000520) 


FIGURE 87. Phylogenetic tree based on 16S rRNA gene sequences of Borrelia species. A neighbor-joining phylogenetic 
tree was constructed based on Kimura’s two-parameter distance estimation method using MEGA 2.1 program. Accession 
numbers are shown in parentheses. The numbers at the branch nodes indicate the results of the bootstrap analysis. The 


bar represents 2% sequence divergence. Treponema pallidum subsp. pallidum strain Nichols was used as an outgroup. 
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TABLE 120. Barbour-Stoenner-Kelly (BSK) II medium* 


After detergent cleaning, all glassware is rinsed thoroughly with 
glass-distilled water and then autoclaved. 
To 900 ml of glass-distilled water are added 100 ml of 10x concentrate 
of CMRL 1066 without glutamine. 
Add to the 1x CMRL 1066 in the following order: 
5 g Neopeptone 
50 g Bovine serum albumin, Fraction V 
2 g Yeastolate 
6 g N2-Hydroxyethylpiperazine-N^2-ethanesulfonic acid 
5 g Glucose 
0.7 g Sodium citrate 
0.8 g Sodium pyruvate 
0.4 g N-Acetylglucosamine 
2.2 g Sodium bicarbonate 
Adjust the pH of medium at 20-25*C to 7.6 with 1 N NaOH. 
Add 200 ml of 7% gelatin which had been dissolved in boiling water. 
Sterilize by filtration with air pressure (0.2 um nitrocellulose). Store 
medium at 4^C. 
Before use, add unheated rabbit serum to a final concentration of 696. 
Dispense to glass or polystyrene tubes or bottles. Fill containers to 
50-90% capacity and cap tightly. 
Incubate at 34-37*C. 


*Reprinted from Barbour (1984) with permission. Modifications of BSK II medium 
include BSK-H with removal of gelatin and different proportions of certain ingre- 
dients compared to BSK II (Pollack et al., 1993), and Kelly's medium Preac-Mursic 
(MKP) (Preac-Mursic et al., 1986). 


membrane possesses a lower specific gravity (1.12 g/cm?) but 
a higher percentage of proteins (56%) by dry weight of the 
membrane. Since Borrelia burgdorferilacks the ability to elongate 
long-chain fatty acids, the fatty acid composition of the cells 
reflects that present in the growth medium. 

Chemical analysis of Borrelia hermsii cells that were cultivated 
in vitro has demonstrated the presence of muramic acid and 
ornithine in the whole cells and in the protoplasmic cylinders, 
but not in the outer envelope preparations (Klaviter and John- 
son, 1979). These data suggest that ornithine is a component 
of the cell wall. Borrelia hermsii contains cholesterol glucoside 
and its acylated derivatives (Livermore et al., 1978), and the 
lipid composition and metabolism of this species of Borrelia is 
remarkably similar to that of several species of mycoplasmas. 

Spirochetes of the genus Borrelia do not have lipopolysaccha- 
rides containing lipid A (Takayama et al., 1987), and potent 
exotoxins are not evident. 

Borrelia species are routinely cultured in liquid Barbour- 
Stoenner-Kelly (BSK) II medium under microaerophilic condi- 
tions. Borrelia burgdorferi isolates can form colonies when plated 
onto BSK medium solidified with 1.5% agarose (Kurtti et al., 
1987). Colonies are typically observed after 2-3 weeks of incuba- 
tion and may differ in morphology among different strains, e.g., 
compact, round colonies (mean diameter, 0.43 mm) restricted 
to the surface of the agarose medium, diffuse colonies (mean 
diameter, 1.80 mm) penetrating into the solid medium, or colo- 
nies with a raised center surrounded by a diffuse ring of spiro- 
chetes. 

Borrelia burgdorferi lacks genes encoding enzymes required for 
the synthesis of most amino acids, fatty acids, enzyme cofactors, 
and nucleotides. Instead, there are 52 open reading frames 
(ORFs) that encode transport and binding proteins which 
would contribute to 16 distinct membrane transport systems for 
amino acids, carbohydrates, anions, and cations (Fraser et al., 
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1997). Borrelia burgdorferi also shows limited metabolic capacity. 
Growth of Borrelia burgdorferi depends largely on the availability 
of nutrients provided in the culture medium or from the host 
(mammal or tick). Analysis of the genome and reconstruction 
of metabolic pathways suggests that Borrelia burgdorferi uses glu- 
cose as a primary carbon and energy source, although other 
carbohydrates such as glycerol, glucosamine, fructose, and 
maltose may be used in glycolysis. Borrelia burgdorferi does not 
contain genes encoding enzymes of the tricarboxylic acid cycle 
or components of the electron transport system (Fraser et al., 
1997). Thus, it is assumed that lactic acid is the main end prod- 
uct of glycolysis, which is consistent with the microaerophilic 
nature of this spirochete. Since genes for the respiratory elec- 
tron transport chain were not identified, ATP production must 
be accomplished by substrate-level phosphorylation. 

Borrelia hermsii and Borrelia parkeri ferment glucose, maltose, 
trehalose, starch, dextrin, and glycogen, but not raffinose. 
In contrast, Borrelia turicatae is able to ferment only glucose, 
raffinose, and dextrin. 

The genome of the borreliae is composed of a small linear 
chromosome of approximately 1000 kb and a collection of lin- 
ear and circular plasmids that are variable in number and size 
among species and strains. The DNA-DNA homology of Lyme 
disease borreliae is 76-100% among strains within species and 
46-74% between different species (Baranton et al., 1992; Hyde 
and Johnson, 1984). For the relapsing fever spirochetes, there 
is >70% DNA homology between Borrelia hermsii and Borrelia 
turicatae (86%) or Borrelia parkeri (77%) that are endemic in 
North America, whereas 17-63% DNA relatedness was demon- 
strated between Borrelia hermsii and other relapsing fever agents 
(Barbour and Hayes, 1986). All Borrelia species studied to date 
have DNA G+C contents of approximately 30 mol%. 

The complete genome of Borrelia burgdorferi has been 
determined (Casjens et al., 2000; Fraser et al., 1997). The 
genome size of the type strain Borrelia burgdorferi sensu stricto 
B31" is 1,521,419 bp. This consists of a linear chromosome 
of 910,725 bp, with a DNA G+C content of 28.6 mol%, and 
21 plasmids (9 circular and 12 linear) with a combined size 
of 610,694 bp (Casjens et al., 2000; Fraser et al., 1997). The 
genomes of two other pathogenic Lyme disease borreliae, Bor- 
relia garinii strain PBi and Borrelia afzelii strain PKo, have col- 
linear chromosomes of comparable size to Borrelia burgdorferi 
B31" with only minor insertions and deletions. The plasmid 
fraction may vary significantly between different species. About 
40% of Borrelia burgdorferi B31" genomic DNA is of plasmid ori- 
gin, whereas plasmid DNA constitutes only 29 and 36% of the 
analyzed genomes of Borrelia garinii PBi and Borrelia afzelii PKo, 
respectively (Glockner et al., 2004, 2006). 

Genome analysis revealed that the Lyme disease borreliae 
possess some genetic structures that are unique among prokary- 
otes (Casjens et al., 2000; Fraser et al., 1997). These include: (1) 
the presence of a linear chromosome and multiple linear and 
circular plasmids in a single bacterium; (2) unique organiza- 
tion of the rRNA gene cluster, consisting of a single 16S rRNA 
gene and tandemly repeated 23S and 5S rRNA genes; (3) signif- 
icantly higher frequency of lipoprotein-encoding genes (4.9% 
of the chromosomal genes and 14.596 of the plasmid genes); 
(4) a substantial fraction of plasmid DNA that appears to be in 
a state of evolutionary decay; and (5) evidence for numerous, 
and potentially recent, DNA rearrangements among the plas- 
mid genes. 
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The genomes of relapsing fever Borrelia species are largely 
linear. Each genome consists of a linear chromosome of about 
1000 kb and different types of linear and circular plasmids. The 
size of linear plasmids is 10-200 kb and of circular plasmids is 
8-40 kb. The presence of multiple copies of the chromosome 
and linear plasmids in some relapsing fever strains has been 
reported (Kitten and Barbour, 1992). The complete genomes 
of two relapsing fever borreliae, Borrelia hermsii and Borrelia turi- 
catae, have been sequenced (NCBI Genome Databases, http:// 
www.ncbi.nlm.nih.gov). 

Borrelia burgdorferi is strictly a clonal organism, in spite of 
the observed genetic diversity and evidence for lateral gene 
transfer and recombination of selected plasmid genes among 
and within Borrelia species (Dykhuizen et al., 1993). Genetic 
manipulation of Borrelia species is very difficult, but basic tools 
are now available and their application has begun to provide 
information about the identities and roles of key bacterial com- 
ponents in both the tick vector and the mammalian host (Rosa 
et al., 2005). Phage particles have been observed in Borrelia 
burgdorferi culture supernatants (Eggers and Samuels, 1999). 

Antigenic variation has been well documented in Borrelia spe- 
cies and extensively studied in the relapsing fever agent Borre- 
lia hermsii and the Lyme disease spirochete Borrelia burgdorferi. 
About 30 variable major protein (VMP) serotypes, which are 
divided about equally between a variable large protein (Vlp) 
of about 36 kDa and variable small proteins (Vsp) of about 
20 kDa, have been described in Borrelia hermsii. The Vlp/Vsp 
antigenic variation system of Borrelia hermsii involves an expres- 
sion site that can acquire either vip or vsp surface lipoprotein 
genes from up to 59 different archival copies arranged in 
clusters on at least five different plasmids. Gene conversion 
occurs through recombination events at upstream homology 
sequences found in each gene copy, and at downstream homol- 
ogy sequences found periodically among the vlp/vsp archival 
genes (Dai et al., 2006). Genes that are homologous to vip and 
usp of Borrelia hermsii are detected in other relapsing fever bor- 
reliae, including Borrelia turicatae, Borrelia recurrentis, Borrelia cro- 
cidurae, and Borrelia duttonii (Cutler, 2001, 1999). This property 
of relapsing fever borreliae is responsible for the numerous 
relapses which occur in the infected host. In Borrelia burgdorferi, 
antigenic variation can result by promiscuous recombination of 
plasmid-encoded vls sequence cassettes and may contribute to 
evasion of the host immune response, allowing persistence of 
the spirochete (Zhang et al., 1997). 

More than 50 protein bands are visible in whole-cell lysates 
of cultivable Borrelia species. Serodiagnosis of Lyme disease is 
achieved by detection of antibodies specific to Lyme borrelial 
antigens (Centers for Disease Control and Prevention, 1995; 
Dressler et al., 1993). Since antibodies against glycerophos- 
phodiester phosphodiesterase (GlpQ) are demonstrated only 
in sera from hosts infected with relapsing fever borreliae, this 
antigen could be used for serodiagnosis to distinguish Lyme 
disease from relapsing fever borrelial infections. 

Borrelia species are susceptible to several classes of antimicro- 
bial agents, including penicillins, second- and third-generation 
cephalosporins, tetracyclines, macrolides, and glycopeptides, 
but they are relatively resistant to aminoglycosides, trimethop- 
rim, rifampicin, and quinolones (Preac-Mursic et al, 1986; 
Wormser et al., 2006). 

Borreliae are pathogens of man, other mammals, and birds. 
Infections are acquired from ticks or lice which are parasitized 
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with borreliae. Two distinct clinical syndromes are associated with 
Borrelia infections in humans: Lyme disease and relapsing fever. 
Borrelia burgdorferi, Borrelia garinii, and Borrelia afzelii are caus- 
ative agents of human Lyme borreliosis. Borrelia burgdorferi is the 
sole species responsible for Lyme borreliosis in North America, 
whereas all three pathogenic Lyme borreliae are documented 
in Eurasia. Human Lyme borreliosis generally occurs in stages 
and may manifest as one or more symptoms including erythema 
migrans, carditis, neuroborreliosis, and arthritis (Steere, 2001). 
Association between different clinical manifestations and the 
infecting Borrelia species or genotypes has been reported (van 
Dam et al., 1993; Wang et al., 1999; Wormser et al., 1999). 

Infections with the relapsing fever borreliae in man produce 
a severe septicemic illness of which two varieties are recognized: 
tick-borne and louse-borne relapsing fever. A single spirochete 
of Borrelia duttonii, Borrelia hermsii, or Borrelia turicatae may be 
sufficient to infect experimental animals. 

Borrelia species exist in nature in enzootic cycles primarily 
involving ticks and a wide range of animal hosts. Lyme disease 
borreliae are transmitted among reservoirs and hosts by ticks 
of the family Ixodidae, mainly ticks within the Ixodes ricinus com- 
plex. Ixodes scapularis and Ixodes pacificus in the United States, 
and Ixodes ricinus and Ixodes persulcatus in Eurasia are the prin- 
cipal vectors of the spirochetes (Burgdorfer et al., 1991). All 
Ixodes species are three-host ticks; each individual tick feeds on 
three different host animals during its life. The white-footed 
mouse (Peromyscus leucopus) in the United States, and the wood 
mouse (Apodemus sylvaticus) and bank vole (Clethrionomys glare- 
olus) in Europe are among the most important reservoirs for 
Lyme borreliae (Anderson, 1989; Gern et al., 1998). Migrating 
birds may be reservoirs of certain species such as Borrelia garinii 
and Borrelia valaisiana. Larval ticks acquire Borrelia burgdorferi by 
feeding on infected hosts. The spirochetes survive through the 
molts and remain present in all subsequent stages of the vec- 
tors. Transovarial transmission of Borrelia burgdorferi may occur 
in Ixodes ticks but does not represent an important factor in 
maintaining infected ticks in nature (Burgdorfer et al., 1991). 

Tick-borne relapsing fever is transmitted by a number of dif- 
ferent species of Ornithodoros ticks. Many are named after the 
species of Ornithodoros tick transmitting the infection. Numerous 
small animals serve as natural reservoirs for tick-borne relaps- 
ing fever borreliae. Relapsing fever borreliae are frequently ver- 
tically transmitted in infected ticks, occurring in up to 100% of 
offspring and in most but not all tick species (Barbour, 2005). 

The causative agent of louse-borne relapsing fever, Borrelia 
recurrentis, is transmitted from human-to-human by the body 
louse Pediculus humanus subsp. humanus. Man acquires infec- 
tion by crushing infected lice during scratching, thereby 
liberating borreliae which enter the body at the site of 
the louse bite or through skin abraded by scratching. Lice 
acquire Borrelia recurrentis by feeding on infected humans 
and remain infectious for the remainder of their relatively 
short lifespan. 

The geographical distribution of the Borrelia species, specific 
arthropod vectors and hosts, are listed in Table 121. 


Enrichment and isolation procedures 


Invitro cultivation. All Lyme disease borreliae and many species 
of relapsing fever borreliae (e.g., Borrelia hermsii, Borrelia coriaceae, 
and Borrelia turicatae) can be grown routinely in a cell-free liquid 
culture under microaerophilic conditions in Barbour-Stoenner- 
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Kelly II (BSK-II) medium (Barbour, 1984) or variations such 
as BSK-H (Pollack et al., 1993) or MKP medium (Preac-Mursic 
et al., 1986). These are modifications from the Kelly's medium 
that were used first for cultivation of certain relapsing fever bor- 
reliae (Kelly, 1971). Owing to the lack of or limited biosynthetic 
potential, complex nutritional requirements are necessary for 
cultivation of Borrelia. Typically, the culture medium contains 
serum, glucose, albumin, peptides, amino acids, vitamins, and 
a thickening agent such as gelatin. In addition, Nacetylglu- 
cosamine and long-chain saturated and unsaturated fatty acids 
are required. The optimum growth temperature for Borrelia 
burgdorferi is 30-34°C. The bacteria grow slowly, dividing every 
8-12 h during the exponential growth phase in vitro. Culture- 
adapted isolates can usually reach cell densities of 107710? per 
ml after cultivation in vitro for 5-7 d. Borrelia burgdorferi can also 
be grown on semi-solid BSK medium to obtain individual, pure 
clones (Preac-Mursic et al., 1991). 


Isolation by animal inoculation. Some relapsing fever borre- 
liae have yet to be cultivated in serial passage outside of a natu- 
ral host or experimental animal. Animal inoculation remains 
the method of choice for isolation of these borreliae. A number 
of animals have been used for isolation of nonavian borreliae 
including mice, rats, rabbits, guinea pigs, and monkeys. Results 
have been variable depending on the species of Borrelia and the 
age and species of animals employed. The most consistent results 
have been obtained with suckling mice. Citrated blood or tritu- 
rates of ticks or lice are inoculated in a volume of 0.1—0.2 ml via 
the subcutaneous or intraperitoneal route. At daily intervals, the 
mice are bled by clipping the tip of the tail with scissors to obtain 
a small drop of blood which is examined by darkfield microscopy 
or in smears stained by the Wright or Giemsa method. 


Maintenance procedures 


Suspensions of borreliae containing 10% glycerol retain viability 
for several years when stored at or below -70*C. Limited attempts 
to preserve borreliae by lyophilization have not been successful. 

Tick-borne borreliae may also be maintained in the labora- 
tory for several years in infected ticks with occasional feedings 
on experimental animals. 


Differentiation of the genus Borrelia from other genera 


Two other genera of spirochetes which may be present in bio- 
logical fluids or tissues are species of Treponema and Leptospira. 
Borreliae stain readily and can be observed with conventional 
microscopy whereas leptospires and some treponemes are not 
visualized. The coils of borreliae are loose, coarse, and irregular. 
Leptospires are coiled so tightly that they are difficult to observe 
with darkfield microscopy. Treponema species are regularly and 
rigidly coiled and have a more uniformly helical structure than 
do borreliae species. 


Taxonomic comments 


The Lyme disease and relapsing fever borreliae are morpho- 
logically indistinguishable. However, these two major groups of 
Borrelia can be easily differentiated based on their arthropod 
vectors and 16S rRNA gene sequences with only a few exceptions. 
16S rRNA and flagellin gene sequence analysis is reliable in 
discriminating members within the genus of Borrelia (Fukunaga 
et al., 1996b; Ras et al., 1996; Wang et al., 1999). In addition, 
several other molecular typing methods have been successfully 
employed for species differentiation of the Lyme disease Borrelia. 
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These include rRNA restriction analysis (ribotyping), pulsed- 
field gel electrophoresis, randomly amplified polymorphic 
DNA (RAPD) fingerprinting, PCR and PCR-based restriction 
fragment length polymorphism (RFLP), sequence analysis of 
the 5S—23S intergenic spacer, and multilocus sequence analysis 
(Margos et al., 2008; Richter et al., 2006; Wang et al., 1999). 

Traditionally relapsing fever borreliae are classified into 
species according to their arthropod vectors. Those borreliae 
transmitted by human body lice presently belong to the species 
Borrelia recurrentis, those transmitted by ticks are differentiated 
on the basis of the tick-spirochete specificity theory which states 
that borreliae carried by a given species of tick are specific 
for that vector and, therefore, constitute individual species of 
borreliae (Barbour and Hayes, 1986; Kelly, 1984). This theory, 
however, is flawed by the fact that some borreliae isolated from 
one species of tick are capable of infecting other tick species. 
Moreover, many species of tick-borne borreliae have been 
shown to develop in experimentally infected body lice. Conse- 
quently, classification according to the traditional scheme may 
or may not be correct. For example, the relapsing fever borreliae 
Borrelia turicatae, Borrelia parkeri, and. Borrelia hermsii are transmit- 
ted by distinct soft-bodied ticks, but they may be a single species 
because their DNA-DNA similarity is greater than 7096. The 
isolation of Borrelia miyamotoi, a species more closely related to 
relapsing fever borreliae from hard ticks (Ixodes persulcatus and 
Ixodes ricinus) , challenges the classical concept of tick-spirochete 
cospeciation. Additional studies will be necessary to determine 
if the present classification is in fact valid. 
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Differentiation of the species of the genus Borrelia 


The characteristic features of species of Borrelia are indicated in 
Tables 121-123. 
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TABLE 122. Reactivity patterns of Borrelia burgdorferi sensu lato species and Borrelia hermsii with various species-specific monoclonal antibodies 


(mAbs)? 
Reactivity with mAb 
H9724 D6 O1141b 

Species (flagellin) H5332 (OspA) H3TS (OspA)  LA31(OspA) 117.3 (OspB) (12 kDa antigen) (flagellin) A116k (OspA) 
B. burgdorferi + + + + - _ _ _ 
B. afzelii + _ _ _ + _ _ _ 
B. garinii t +or- - t - * - - 
B. japonica + + _ nd _ _ + _ 
B. lusitaniae + nd _ nd _ _ nd _ 
B. sinica + _ nd nd nd _ _ nd 
B. spielmanii + nd + = nd = nd nd 
B. tanukii + + nd nd nd nd nd nd 
B. turdi + +" nd nd nd nd nd nd 
B. valaisiana + - - - - - + 
B. hermsii + _ _ _ _ _ _ _ 


“+, Positive; —, negative; +", weak reactive; nd, no data available;. 


TABLE 123. Differentiation of Lyme disease-related Borrelia species based on the Msel restriction polymorphism of 5S-23S 


rRNA (rrfA—rriB) intergenic spacer amplicons? 


Taxon Strain Amplicon size (bp) RFLP pattern Msel restriction fragments size (bp) 

B. burgdorferi B31" 254 A 108, 51, 38, 29, 28 

B. afzelii VS461T 246 D 108, 68, 50, 20 

B. garinii 20047" 253 B 108, 95, 50 
NT29 253 C 108, 57, 50, 38 

B. japonica HOI14T 236 E 108, 78, 50 

B. lusitaniae PotiB2T 257 G 108, 81, 39, 29 
PotiB3 255 H 108, 79, 52, 16 

B. sinica CMN3* 235 S 107, 48, 38, 29, 13 

B. spielmanii A14S 225 R 106, 68, 51 

B. tanukii Hk501T 245 O 174, 51, 20 

B. turdi Ya5017 248 P 107, 51, 38, 21, 16, 8, 7 

B. vailaisiana VS1167 255 F 175, 50, 23, 7 
Am501 249 Q 169, 51, 23, 6 

“B. andersonii” sp. nov. 19857 266 L 120, 67, 51, 28 

CA2 255 M 91, 50, 40, 28, 22, 17, 7 

"B. bissettii” sp. nov. DN127 257 I 108, 51, 38, 33, 27 
CA118 226 J 108, 51, 38, 29 
25015 253 K 108, 51, 34, 27, 17, 12, 4 


«Adapted from Postic et al. (1994), Wang et al. (1999), and Masuzawa et al. (2001). For some Borrelia species, strain variations in the Msel restric- 


tion fragment sizes are documented but are not listed in this table. 


List of species of the genus Borrelia* 


1. Borrelia anserina (Sakharoff 1891) Bergey, Harrison, Breed, 
Hammer and Huntoon 1925, 435^ (Spirochaeta anserina 
Sakharoff 1891, 565; Spiroschaudinnia anserina (Sakharoff 
1891) Sambon 1907, 834) 


an.se'ri.na. L. fem. adj. anserina pertaining to geese. 


The organisms are 0.2-0.3 um wide and 8-20 um in 
length, and consist of 5-8 coils. 


*See Table 121 for listing of species categorized as relapsing fever borreliae, 
Borrelia burgdorferi sensu lato, and "other borreliae". 


The organisms can be grown in BSK II medium at 30*C 
and embryonated duck or chicken eggs. They can also be 
maintained in young chickens or ducks. Not infective for 
mice, rats, or rabbits. There are a number of antigenically 
different strains. The most reliable distinguishing charac- 
teristic of this species is that it is infectious for birds but not 
for rodents. Considered as the agent of fowl spirochetosis. 
Biochemical characteristics have not been determined. 

Source: naturally infected Argas miniatus ticks and has a 
worldwide distribution. 

DNA G+C content (mol96): not known. 
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Type strain: not designated. 
Sequence accession no. (16S rRNA gene): U42284 (strain 
ES-1). 


. Borrelia afzelii Canica, Nato, du Merle, Mazie, Baranton 
and Postic 1994, 182%" 


afze'lii. N.L. masc. gen. n. afzelii of Afzelius, named in 
honor of Arvid Afzelius, a Swedish physician who was the 
first to report the skin lesion characteristic of Lyme bor- 
reliosis in 1909. 


It has been referred to as group VS461. Morphology as 
described for the genus. Cultural properties as described for 
Borrelia burgdorferi. rRNA gene restriction patterns after diges- 
tion by EcoRV contain three fragments (6.7, 3.2, and 1.6 kb). 
rRNA gene restriction patterns after digestion by HindIII 
contain five fragments (3.7, 2.1, 1.5, 0.9, and 0.6 kb). 

Source: humans and Ixodes ricinus ticks in Europe and 
Asia. 

DNA G+C content (mol % ): 27-28 (T), 28 (strain VS461). 

Type strain: strain VS461, ATCC 51567, CIP 103469, DSM 
10508. 

Sequence accession no. (16S rRNA gene): U78151 (strain 
V$4617), CP000395 (strain PKo). 


. Borrelia baltazardii corrig. (ex Karimi, Hovind-Hougen, Birch- 
Andersen and Asmar 1979) Karimi, Hovind-Hougen, 
Birch-Andersen and Asmar 1983, 438%" (“Borrelia baltazardi” 
Karimi, Hovind-Hougen, Birch-Andersen and Asmar 1979) 


balta.zar'dii. N.L. masc. gen. n. baltazardii of Baltazard, 
named after Marcel Baltazard (1908-1971), a French doctor 
and biologist. 


Resembles Borrelia recurrentis in morphology. 

Source: a region of Iran. 

DNA G+C content (mol % ): not known. 

Type strain: strain Borrelia “x”. 

Sequence accession no. (16S rRNA gene): no sequence avail- 


able. 
. Borrelia brasiliensis Davis 1956, 476^! 


bra.si.li.en'sis. N.L. fem. adj. brasiliensis named after the spe- 
cific epithet of the tick vector Ornithodoros brasiliensis. 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Isolated and maintained in 
mice, rats, and guinea pigs. Distinguishing characteristics 
are not well characterized. No biochemical data available. 

Source: the tick Ornithodoros brasiliensis. 

DNA G+C content (mol96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence avail- 
able. 


. Borrelia burgdorferi Johnson 1984, 496%" (Borrelia burgdor- 
feri sensu stricto, emend. Baranton 1992, 378) 


burg.dor'fe.ri. N.L. masc. gen. n. burgdorferi of Burgdorfer, 
named in honor of Willy Burgdorfer. 


The organisms are flexible helical cells with dimension 
of 0.2-0.3 um by 4-30 um. Motile with both rotational and 
translational movements. Consists of 3-10 coils. The coiling 
of the cell is regular. Seven to 11 periplasmic flagella are 
located at each cell end, and these flagella overlap at the 


central region of the cell. A multilayered outer membrane 
surrounds the protoplasmic cylinder, which consists of the 
peptidoglycan layer, cytoplasmic membrane, and the enclosed 
cytoplasmic contents. The diamino acid ornithine is present 
in the peptidoglycan. Cytoplasmic tubules are absent. 

The cells are Gram-stain-negative and stain well with 
Giemsa and Warthin-Starry stains. Unstained cells are not 
visible by bright-field microscopy but are visible by dark- 
field or phase-contrast microscopy. 

The organisms grow well in BSK II medium or its variants 
supplemented with Macetylglucosamine and rabbit serum. 
The optimal growth temperature is 34—37°C, with a genera- 
tion time of 8-12 h at 35°C. The cells are catalase-negative 
and microaerophilic. Use glucose as primary energy source, 
although other carbohydrates, including glycerol, glu- 
cosamine, fructose, and maltose, may be used in glycolysis. 
Pyruvate produced by glycolysis is converted to lactate. 
Chemo-organotropic. 

The genome of Borrelia burgdorferi type strain B31 contains 
a linear chromosome of 910,725 bp and 21 plasmids (9 circu- 
lar and 12 linear) with a combined size of 610, 694 bp. The 
chromosome contains 853 genes encoding a basic set of pro- 
teins for DNA replication, transcription, translation, solute 
transport, and energy metabolism, but no genes for cellular 
biosynthetic metabolic capacities. Differential expression of 
major surface proteins in tick vectors and mammalian hosts. 
Itis pathogenic for humans and animals. 

Source: several tick species of the genus Ixodes which are 
parasitized by the spirochete. 

DNA G+C content (mol 96): 28.6 (complete genome 
sequencing). 

Type strain: strain B31, ATCC 35210, CIP 102532, DSM 
4680. 

Sequence accession no. (16S rRNA gene): NC. 001318, 
U03396. 


. Borrelia caucasica (Kandelaki 1945) Davis 1957, 901" 


(Spirochaeta caucasica Kandelaki according to Maruashvili 
1945, 24) 


cau.ca'si.ca. N.L. fem. adj. caucasica pertaining to the Cau- 
casus. 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Isolated and maintained in 
mice, rats, and guinea pigs. Distinguishing characteristics 
are not well characterized. No biochemical data available. 

Source: unknown source in Russia. 

DNA G+C content (mol96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence avail- 
able. 


7. Borrelia coriaceae Johnson, Burgdorfer, Lane, Barbour, 


Hayes and Hyde 1987, 72V* 


co.ri.a.ce'ae. L. fem. adj. coriacea of leather, made of leather; 
N.L. fem. gen. n. coriaceae named after the specific epithet 
of the tick vector, Ornithodoros coriaceus, from which the 
organism was isolated. 


Morphology as described for the genus. Growth in vitro in 
BSK II medium but is more fastidious than other cultivable 
Borrelia species. Only three isolates (Co53, CA434, and 
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CA435) have been cultivated and maintained in vitro since 
1985. Low infectivity for infant Swiss White mice, BALB/c 
mice, and adult New Zealand White rabbits. Probable cause 
of epizootic bovine abortion. 

Source: the soft tick Ornithodoros coriaceus from Northern 
California. 

DNA G+C content (mol % ): 32.4 (T). 

Type strain: strain Co53, ATCC 43381, CIP 104208. 

Sequence accession no. (16S rRNA gene): U42286. 


. Borrelia crocidurae (Leger 1917) Davis 1957, 903^ (Spiro- 


chaeta crocidurae Leger 1917, 281) 


cro.ci.du'rae. N.L. gen. n. crocidurae of Crocidura, a genus of 
Insectivora. 


Resembles Borrelia recurrentis in morphology. Isolates 
from blood of patients have been grown in vitro in modified 
Kelly’s medium. Isolated and maintained in young mice 
and rats. Four serovars have been recognized; however, the 
species has not been well characterized. Clusters phyloge- 
netically with Borrelia duttonii, Borrelia recurrentis, and Borrelia 
hispanica. No biochemical data are available. Considered as 
one cause of tick-borne relapsing fever. 

Source: isolated initially from the white-toothed shrew, 
Crocidura. The tick vector is Alectorobius sonrai. 

DNA G+C content (mol % ): not known. 

Type strain: not designated. 

Sequence accession no. (16S rRNA gene): U42283 (strain 
UESV/ACH). 


. Borrelia dugesii (Mazzotti 1949) Davis 1957, 9024" (Spiro- 


chaeta dugesii Mazzotti 1949, 278) 


du.ge'si.i. N.L. gen. n. dugesii of dugesi, the specific epithet 
of the tick vector, Ornithodoros dugesi. 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Isolated and maintained in 
young mice or rats. Distinguishing characteristics: not well 
characterized. No biochemical data available. Considered 
as one cause of tick-borne relapsing fever. 

Source: the argasid tick, Ornithodoros dugesi. 

DNA G+C content (mol 96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence avail- 
able. 


Borrelia duttonii (Novy and Knapp 1906) Bergey, Harrison, 
Breed, Hammer and Huntoon 1925, 434^ [ Spirillum duttoni 
(sic) Novy and Knapp 1906, 296; Spirochaeta duttoni (Novy 
and Knapp 1906) Breinl 1906, 1691] 


dut.to'ni.i. N.L. masc. gen. n. duttonii of Dutton, named 
after Joseph Everett Dutton (1876-1905), who died 
from relapsing fever during an investigative trip to the 
Congo. 


Resembles Borrelia recurrentis in morphology. Cells 
contained 10 periplasmic flagella inserted at each end of 
the spirochete. Has been successfully cultivated in BSK II 
medium from patients with relapsing fever. Isolated and 
maintained in BSK II medium or young mice and rats. 
Genome consists of a chromosome of approximately 1 Mb, 
a large plasmid of approximately 200 kb, and 7-9 plasmids 
with sizes in the range 20-90 kb. Analysis of the SDS-PAGE 
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profiles of Borrelia duttonii strains revealed a high-molecular- 
mass band of 33.4—34.2 kDa (variable large protein, VLP) 
and a low-molecular-mass band of 22.3 kDa (variable small 
protein, VSP). The cause of East African tick-borne relaps- 
ing fever. Man is the only reservoir. 

Source: humans and the Ornithodoros sp. soft ticks. 

DNA G+C content (mol96): 27.6 (HPLC). 

Type strain: no strain designated. 

Sequence accession no. (16S rRNA gene): U42288. 


Borrelia garinii Baranton, Postic, Saint Girons, Boerlin, 
Piffaretti, Assous and Grimont 1992, 382V* 


ga.ri'nii. N.L. masc. gen. n. garinii of Garin, in honor of 
Charles Garin, a French physician. 

Morphology as described for the genus. Cultural proper- 
ties as described for Borrelia burgdorferi. rRNA gene restriction 
patterns after digestion by EcoRV contain three fragments 
(5.3, 3.2, and 1.6 or 1.5 kb). rRNA gene restriction patterns 
after digestion by HindIII contain three fragments (2.1, 1.3, 
and 0.6 kb). Some strains produce an additional weak frag- 
ment at 2.5 kb. 

Source: humans and Ixodes ticks in Europe and Asia. 

DNA G+C content (mol % ): 27-28 (T). 

Type strain: strain 20047, ATCC 51383, CIP 103362, DSM 
10534. 

Sequence accession no. (16S rRNA gene): D67018. 


Borrelia graingeri (Heisch 1953) Davis 1957, 903^- (Spiro- 
chaeta graingeri Heisch 1953, 133) 

grain'ge.ri. N.L. gen. n. graingeri named after the specific 
epithet of the tick vector, Ornithodoros graingeri. 

Resembles Borrelia recurrentis in morphology. In vitro 
cultivation has not been reported. Animal pathogenicity: 
present in the blood of mice and rats only transiently after 
inoculation. Distinguishing characteristics: not well charac- 
terized. No biochemical data available. 

Source: the tick, Ornithodoros graingeri. 

DNA G+C content (mol % ): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene) no sequence 
available. 


Borrelia harveyi (Garnham 1947) Davis 1948, 316^ (Spiro- 
chaeta harveyi Garnham 1947, 49) 


har've.yi. N.L. masc. gen. n. harveyi of Harvey, named after 
A.E.C. Harvey. 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. May be maintained in mice, 
rats, and monkeys. Distinguishing characteristics: not well 
characterized. No biochemical data available. 

Source: louse-borne relapsing fever in Kenya. 

DNA G+C content (mol96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence 
available. 

Borrelia hermsii (Davis 1942) Steinhaus 1946, 453^ [Spiro- 
chaeta hermsi (sic) Davis 1942, 46] 


herm'si.i. N.L. gen. n. hermsii of hermsi, the specific epithet 
of the tick vector Ornithodoros hermsi. 
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GENUS Il. BORRELIA 


Resembles Borrelia recurrentis in morphology. Grows well 
in BSK II medium (Table 120). Readily isolated and main- 
tained in young mice and rats. Distinguishing characteris- 
tics: ferments glucose, maltose, trehalose, starch, dextrin, 
and glycogen, but not raffinose. 

Source: the tick Ornithodoros hermsi. 

DNA G+C content (mol%): 29 (complete genome 
sequencing). 

Type strain: strain HS1, ATCC 35209, CIP 104209, DSM 
4682. 

Sequence accession no. (16S rRNA gene): U42292. 


Borrelia hispanica (de Buen 1926) Steinhaus 1946, 453^ 
(Spirochaeta hispanica de Buen 1926, 185) 
his.pa'ni.ca. L. fem. adj. hispanica Spanish. 

Resembles Borrelia recurrentis in morphology. May be cul- 
tivated in vitro, but the yield of organisms (7x109/ml) is low 
(Kelly, 1976). Can be maintained in guinea pigs. Causes a 
mild infection in young mice and rats. Can be transmitted 
via rat bite. Distinguishing characteristics are not well char- 
acterized. No biochemical data available. 

Source: the argasid ticks Ornithodoros nicollei and Orni- 
thodoros erraticus. 

DNA G+C content (mol96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): U42294. 


Borrelia japonica Kawabata, Masuzawa and Yanagihara 
1994, 595V- 
ja.po'ni.ca. N.L. fem. adj. japonica pertaining to Japan. 
Morphology and cultural properties as described for 
Borrelia burgdorferi. rRNA gene restriction patterns after 
digestion by HindIII contain one fragment (2.1 kb). DNA 
homology between type strain HO14 and related Lyme 
disease borreliae: Borrelia burgdorferi B31" (56%), Borrelia 
garinii 20047" (63%), and Borrelia afzelii VS461" (64%). 
Source: the tick Ixodes ovatus, shrews, voles, and mice in 
Japan. 
DNA G+C content (mol % ): 27.9-28.3 (T). 
Type strain: strain HO14, ATCC 51557, JCM 8951. 
Sequence accession no. (16S rRNA gene): L46696, L40597. 


Borrelia latyschewii (Sofiev 1941) Davis 1948, 315^ [ Spiro- 
chaeta latyschewi (sic) Sofiev 1941, 271] 


la.ty.sche'wi.i. N.L. masc. gen. n. latyschewii of Latyschew, 
named after Latyschew (Latyshev). 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Maintained in young mice. 
Distinguishing characteristics: not well characterized. No 
biochemical data available. 

Source: the argasid tick, Ornithodoros tartakovskyi. 

DNA G+C content (mol 96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence available. 


Borrelia lusitaniae Le Fleche, Postic, Girardet, Peter and 

Baranton 1997, 924V" 

lu.si.ta.ni'ae. L. gen. n. lusitaniae of Lusitania, the Roman 

name for Portugal, where the organism was first isolated. 
Morphology and cultural properties as described for 

Borrelia burgdorferi. Can be easily differentiated from other 
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Lyme disease borreliae by analysis of the Msdl restriction 
polymorphism of the 55-23S rRNA spacer. Patterns after 
restriction of the 16S rRNA gene by Bfal contain six frag- 
ments (689, 404, 159, 100, 78, and 58 bp). 

Source: Ixodes ricinus ticks, lizards, and small rodents in 
Europe and North Africa, and from the skin lesion of one 
patient in Portugal. 

DNA G+C content (mol% ): not known. 

Type strain: strain PotiB2, CIP 105366. 

Sequence accession no. (16S rRNA gene): X98228. 


Borrelia mazzottii Davis 1956, 174" 


maz.zot'ti.i. N.L. masc. gen. n. mazzottii of Mazzotti, named 
after Luis Mazzotti, a Mexican physician who recovered a 
relapsing fever spirochete from Ornithodoros talajein Mexico 
in 1953. 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Isolated and maintained in 
young mice and rats. Distinguishing characteristics are not 
well characterized. No biochemical data available. 

Source: the argasid tick Ornithodoros talaje. 

DNA G+C content (mol96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence avail- 
able. 


Borrelia miyamotoi Fukunaga, Takahashi, Tsuruta, Matsu- 
shita, Ralph, McClelland and Nakao 1995, 809V* 


mi.ya.mo'to.i. N.L. masc. gen. n. miyamotoi of Miyamoto, in 
honor of Kenji Miyamoto, an entomologist who first iso- 
lated this organism from Ixodes ticks in Japan. 


Morphology and cultural properties as described for Bor- 
relia burgdorferi. The rRNA gene cluster contains only a sin- 
gle copy of 23S and 5S rNRA gene, which is separated from 
the 16S rRNA gene. Low levels of DNA relatedness (8-13%) 
between Borrelia miyamotoi HT31" and Lyme disease borre- 
liae: Borrelia burgdorferi B311 (13%), Borrelia garinii 20047" 
(13%), Borrelia afzelii VS461" (8%), and Borrelia japonica 
HOI4'* (9%). Moderate levels of DNA relatedness with Bor- 
relia hermsti (44%), Borrelia turicatae (41%), Borrelia parkeri 
(51%), and Borrelia coriaceae Co53* (41%). The pathogenic- 
ity of Borrelia miyamotoi is unknown. 

Source: the hard tick Ixodes persulatus, vector of Lyme dis- 
ease, and rodents in Japan. Borrelia strains closely related 
to Borrelia miyamotoi have been detected or cultured from 
Amblyoma americanum and Ixodes scapularis ticks in the 
United States and from Ixodes ricinus ticks in Sweden. 

DNA G+C content (mol % ): 28-29 (T). 

Type strain: strain HT31, JCM 9579. 

Sequence accession no. (16S rRNA gene): D45192. 


Borrelia parkeri (Davis 1942) Steinhaus 1946, 453^ (Spiro- 
chaeta parkeri Davis 1942, 46) 


par'ke.ri. N.L. gen. n. parkeri named after the specific epi- 
thet of the tick vector Ornithodoros parkeri. 


Resembles Borrelia recurrentis in morphology. Grows well 
in BSK II medium (Table 120). Animal pathogenicity: iso- 
lated and maintained in young mice and rats. Distinguishing 
characteristics: fermentation of carbohydrates is identical 
to that of Borrelia hermsii. This suggests that the two species 
are in fact variants of a single species. 
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Source: the argasid tick Ornithodoros parkeri. 
DNA G+C content (mol % ): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): U42296. 


Borrelia persica (Dschunkowsky 1913) Steinhaus 1946, 
453^ (Spirochaeta persica Dschunkowsky 1913, 419) 


per'si.ca. L. fem. adj. persica Persian. 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Animal pathogenicity varies 
according to the strain. Most isolates can be maintained in 
mice or guinea pigs. Distinguishing characteristics are not 
well characterized. No biochemical data available. 

Source: the argasid tick Ornithodoros moubata. 

DNA G+C content (mol % ): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): U42297. 


Borrelia recurrentis (Lebert 1874) Bergey, Harrison, 
Breed, Hammer and Huntoon 1925, 433^ [Spirochaeta 
recurrentis Lebert 1874, 273; “Spirochaete obermeier? Cohn 
1875; Spiroschaudinnia recurrentis (Lebert 1874) Sambon 
1907, 833^-] 


re.cur.ren'tis. L. part. adj. recurrens, recurrentis recurring; N.L. 
gen. n. recurrentis intended to mean of a recurrent fever. 


The organisms are 0.3-0.6 um wide and 8-18 um in 
length, and consist of 3-8 coils. Cells with pointed ends, a 
mean wavelength of 1.8 um, an amplitude of 0.8 um, and 
8-10 periplasmic flagella. 

May be cultivated in vitro in BSK II medium (Table 120). 
Most strains may also be maintained in young rats. Guinea 
pigs are not infected. DNA-DNA hybridizations and 
sequencing studies of both the flagellin and 16S RNA genes 
revealed that the greatest similarity was between Borrelia 
recurrentis and Borrelia duttonii. Causes louse-borne relaps- 
ing fever. 

Source: the vector of this disease is the infected human 
body louse (Pediculus humanus subsp. humanus). 

DNA G+C content (mol96): 28.4 (HPLC). 

Type strain: strain Al, ATCC 700241. 

Sequence accession no. (16S rRNA gene): U42300. 


Borrelia sinica Masuzawa, Takada, Kudeken, Fukui, Yano, 
Ishiguro, Kawamura, Imai and Ezaki 2001, 1823” 


si'ni.ca. M.L. fem. adj. sinica of China, the country from 
which the organism was isolated. 


Morphology as described for the genus except for a 
maximum of four flagella at each end. Cultural proper- 
ties as described for Borrelia burgdorferi. DNA homology of 
Borrelia sinica type strain CMN3 and other Lyme borreliae: 
Borrelia afzelii VS461" (43%), “Borrelia andersoni? 21123 
(39%), “Borrelia bissetti? DN127 (47%), Borrelia burgdorferi 
B31" (59%), Borrelia garinii 20047" (53%), Borrelia japonica 
HO14! (52%), Borrelia lusitaniae PotiB2" (47%), Borrelia 
tanukii Fi8lt (51%), Borrelia turdi Ya501" (46%), and Bor- 
relia valaisiana VS116T (30%). 

Source: the tick Niviventer confucianus. 

DNA G+C content (mol % ): 29.6 (CMN3") (HPLC). 

Type strain: strain CMN3', JCM 10505. 

Sequence accession no. (16S rRNA gene): AB022101. 
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Borrelia spielmanii Richter, Postic, Sertour, Livey, Matu- 
schka and Baranton 2006, 880%" (Borrelia spielmani Richter, 
Schlee, Allgower and Matuschka 2004) 


spiel.ma'nii. N.L. masc. gen. n. spielmanii of Spielman, 
in honor of Andrew Spielman, who first described the life 
cycle and biological relationships of Borrelia burgdorferi. 


Morphology as described for the genus. Cultural proper- 
ties as described for Borrelia burgdorferi. It has pathogenic 
potential. 

Source: Ixodes ricinus ticks feeding on garden and hazel 
dormice, in questing ticks, and in patients in France, Ger- 
many, The Netherlands, Denmark, Slovenia, Hungary, and 
the Czech Republic. 

DNA G+C content (mol % ): 27-32 (T). 

Type strain: strain PC-Eq17N5, CIP 108855, DSM 16813. 

Sequence accession no. (16S rRNA gene): AF102056 (strain 
Al4S). 


Borrelia tanukii Fukunaga, Hamase, Okada and Nakao 
1997, 1274." 


ta.nu'ki.i. N.L. gen. n. tanukii of/ from tanuki, named after 
Ixodes tanuki, from which the organism was isolated. 


Morphology as described for the genus. Cultural proper- 
ties as described for Borrelia burgdorferi. Less than 70% DNA 
homology with Borrelia burgdorferi, Borrelia garinii, Borrelia 
afzelii, Borrelia japonica, and Borrelia turdi. rRNA gene restric- 
tion patterns after digestion by EcoRV contain two fragments 
(6.2 and 3.2 kb). rRNA gene restriction patterns after diges- 
tion by HinclI contain three fragments (6.5, 3.2, and 1.8 kb). 

Source: Ixodes tanuki ticks and several species of rodents 
in Japan. 

DNA G+C content (mol%): 28-31 (HPLC), 29 (strain 
Hk5017). 

Type strain: strain Hk501, ATCC BAA-127, JCM 9662. 

Sequence accession no. (168 rRNA gene): D67023. 


Borrelia theileri (Laveran 1903) Bergey, Harrison, Breed. 
Hammer and Huntoon 1925, 435^- (Spirochaeta theileri 
Laveran 1903, 941) 


thei'le.ri. N.L. masc. gen. n. /heileri of Theiler, named in 
honor of Arnold Theiler (1867-1936), a Swiss veterinarian 
and regarded as the father of veterinary science of South 
Africa. 


The organisms are 0.25-0.30 um wide and 20-30 um in 
length in cattle; they are reported to be shorter in horses. 
In vitro cultivation has not been reported. May be main- 
tained in cattle and horses. Distinguishing characteristics: 
not well characterized. No biochemical data available. 

Source: the cattle tick Boophilus microplus. 

DNA G«C content (mol96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): DQ872186. 


Borrelia tillae Zumpt and Organ 1961, 33^ 
til'lae. N.L. fem. gen. n. tillae of Till, named after W. Till. 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Isolated and maintained in 
young mice and rats. Distinguishing characteristics are not 
well characterized. No biochemical data available. 
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Source: not known. 

DNA G+C content (mol % ): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence data 
available. 


Borrelia turcica Güner, Watanabe, Hashimoto, Kadosaka, 
Kawamura, Ezaki, Kawabata, Imai, Kaneda and Masuzawa 
2004, 1651% 


tur.ci'ca. N.L. fem. adj. turcica of or belonging to Turkey, the 
country in which the organism was isolated. 


Morphology is as described for the genus. Length of the 
cells is variable, about 10-25 um, and the diameter is 0.2— 
0.28 um, with 8-23 flagella. The mean number of flagella is 
15-16. The optimal growth temperature in BSK II medium 
is between 34 and 37°C; cells can grow at 39°C. Fast-growing 
spirochete; doubling times at 34 and 37°C are 5.3 and 5.1 h, 
respectively. 

Reactive with Borrelia genus-specific mAb H9326, but 
no reactivity with Lyme disease Borrelia OspA-specific mAb 
H5332. 

The level of DNA relatedness in strain IST7! was less than 
20% when compared with the Lyme disease agent, Borre- 
lia burgdorferi, or the relapsing fever agent, Borrelia hermsii. 
Borrelia turcica spirochetes formed a monophyletic cluster 
separated from both Lyme disease and relapsing fever- 
related Borrelia species on a phylogenetic tree based on 16S 
rRNA gene sequence data (Figure 87). 

Source: hard tick Hyalomma aegyptium in Turkey. 

DNA G+C content (mol % ): 30 (T). 

Type strain: strain IST7, DSM 16138, JCM 11958. 

Sequence accession no. (16S rRNA gene): AB111849. 


Borrelia turdi corrig. Fukunaga, Hamase, Okada and Nakao 
1997, 1274. 


tur'di. N.L. gen. n. turdi of/from turdus, named after Ixodes 
turdus, from which the organism was isolated. 


Morphology as described for the genus. Cultural proper- 
ties as described for Borrelia burgdorferi. Less than 70% in 
DNA homology with Borrelia burgdorferi, Borrelia garinii, Bor- 
relia afzelii, Borrelia japonica, and Borrelia tanukii. rRNA gene 
restriction patterns after digestion by EcoRV contain two 
fragments (6.3 and 3.2 kb). rRNA gene restriction patterns 
after digestion by HindIII contain three fragments (5.7, 3.2, 
and 2.3 kb). The pathogenicity of Borrelia turdi is unknown. 

Source: Ixodes turdus ticks and passerine birds, Emberiza 
spodocephala, in Japan. 

DNA G+C content (mol % ): 28-32 (HPLC), 29 (strain Ya5017). 

Type strain: strain Ya501, ATCC BAA-126, JCM 9661. 

Sequence accession no. (16S rRNA gene): D67022. 


Borrelia turicatae (Brumpt 1933) Steinhaus 1946, 453^- 
(Spirochaeta turicatae Brumpt 1933, 1369) 


tu.ri.ca'tae. N.L. gen. n. turicatae of turicata, the specific 
epithet of the tick vector, Ornithodoros turicata. 


Resembles Borrelia recurrentis in morphology. Grows well 
in BSK II medium (Table 120). Can also be isolated and 
maintained in young mice and rats. Distinguishing charac- 
teristics: Ferments only glucose, raffinose, and dextrin, thus 
differing from Borrelia hermsii and. Borrelia parkeri. 
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Source: the argasid tick Ornithodoros turicata. 

DNA G+C content (mol%): 29 (complete genome 
sequencing). 

Type strain: none designated. 

Sequence accession no. (16S rRNA gene): U42299. 


32. Borrelia valaisiana Wang, van Dam, Le Fleche, Postic, Peter, 
Baranton, de Boer, Spanjaard and Dankert 1997, 931°? 


va.lai.si.a'na. N.L. fem. adj. valaisiana of or belonging to 
Valais, Switzerland, where this organism was first isolated. 


Formerly Borrelia group VS116. Morphology as described 
for the genus. Cultural properties as described for Borrelia 
burgdorferi. rRNA gene restriction patterns after digestion by 
EcoRV contain three fragments (6.9, 3.2, and 1.4 kb). rRNA 
gene restriction patterns after digestion by HindIII contain 
four fragments (2.1, 1.2, 0.8, and 0.6 kb). It is probably 
pathogenic to humans. 

Source: several species of Ixodes ticks in Europe and Asia. 

DNA G«C content (mol % ): 28-32 (T). 

Type strain: strain VS116, CIP 105367. 

Sequence accession no. (16S rRNA gene): X98232. 


33. Borrelia venezuelensis (Brumpt 1921) Brumpt 1922b, 
495^. [ Treponema venezuelense Brumpt 1921, 207; *Spirochaeta 
neotropicalis” Bates and St John 1922, “Borrelia neotropicalis” 


(Bates and StJohn 1922) Steinhaus 1946] 


ve.ne.zu.e.len'sis. N.L. adj. venezuelensis named after the 
specific epithet of the tick vector, Ornithodoros rudis (Orni- 
thodoros venezuelensis) . 


Resembles Borrelia recurrentis in morphology. In vitro cul- 
tivation has not been reported. Isolated and maintained in 
young mice or rats. Distinguishing characteristics: not well 
characterized. No biochemical data available. 

Source: the argasid tick Ornithodoros rudis (Ornithodoros 
venezuelensis) . 

DNA G+C content (mol96): not known. 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): no sequence data 
available. 


Species Candidatus 


“Candidatus Borrelia texasensis": a Borrelia strain TXW-1, iso- 
lated from an adult male Dermacentor variabilis tick feeding on 
a coyote in Texas, USA. The levels of DNA relatedness between 
TXW-1 and previously described relapsing fever borreliae are 
extremely low (7.9-38.6%). It could not be revived from frozen 
cultures (Lin et al., 2005). 


Other organisms belonging to the genus Borrelia 


Three Borrelia species associated with Lyme disease, “Borrelia 
andersoni? sp. nov. (Marconi et al., 1995), “Borrelia bissetti?? sp. 
nov. (Postic et al., 1998), and “Borrelia californiensis” sp. nov. 
(Postic et al., 2007), have been described. Their taxonomic sta- 
tus is not validated due to the lack of sufficient data. 

“Borrelia andersonü sp. nov. was chosen in honor of John 
Anderson, who was the first person to isolate and characterize 
strains in this group. It has been cultivated from Ixodes dentatus 
ticks and its wildlife host cottontail rabbits in North America. 
Isolates in this group possess a unique rRNA gene polymor- 
phism (Marconi et al., 1995). 


498 


“Borrelia bissetti? sp. nov. was named in honor of Marjorie 
L. Bissett, who first described a member of this group. “Borrelia 
bissetti?” sp. nov. has been isolated from Ixodes spinipalpis and 
some of its rodent hosts in the United States (Postic et al., 
1998). 

Several novel borrelial species or strains closely related to the 
relapsing fever borreliae have been described. These include 


FAMILY I. SPIROCHAETACEAE 


an uncultivable “Borrelia lonestari” sp. nov. detected by PCR and 
16S rRNA gene sequence analysis in the hard tick Amblyomma 
americanum in North America (Barbour et al., 1996) and pos- 
sibly new Borrelia species in patients with relapsing fever in 
Spain (Anda et al., 1996) and in soft-bodied Ornithodoros ticks 
in Tanzania (Kisinza et al., 2003). Their taxonomic status and 
pathogenicity in humans remain to be determined. 


Genus Ill. Cristispira Gross 1910, 444+ 


Bruce J. PASTER AND JOHN A. BREZNAK 


Cris.ti.spi'ra. L. fem. n. crista a crest; L. fem. n. spira a coil; N.L. fem. n. Cristispira a crested coil. 


Helical cells are 0.5-3.0 um in diameter x 30-180 um in length, 
displaying 2-10 helical turns. Ends of cells are blunt, rounded, 
or tapered. Round inclusions of unknown composition or func- 
tion are seen in stained preparations or under phase micros- 
copy. Multiple cytoplasmic vesicles bounded by a double 
membrane are observed in electron microscopy thin sections. 
Cells divide by transverse fission. Hundreds of periplasmic fla- 
gella are bundled together and wrap around the protoplasmic 
cylinder forming a ridge or crest (called crista). The cristae can 
be clearly seen under light microscopy when the cells stop mov- 
ing. Cells flex, rotate, and swim rapidly at more than 100 m/s. 
Under adverse environments, cells stop moving and form 
spherical bodies or lyse. Found in the crystalline style of the 
digestive tract of marine and freshwater mollusks. Not known 
to be pathogenic and probably represent normal microflora. 
Cristispira-like cells have also been observed in gastropods, e.g., 
snails, and in nonmollusk species. Cristispira has not yet been 
grown in pure culture. 
DNA G+C content (mol % ): not determined. 
Type species: Cristispira pectinis Gross 1910, 44^. 


Further descriptive information 


Cristispira is found in the crystalline style (Figure 88), which 
is a mucoproteinaeous, rod-shaped organ of the digestive 
tract of marine and freshwater mollusks (e.g., clams, mussels, 


FIGURE 88. Scanning electron micrograph of the crystalline style of 
the oyster Crassostrea virginica that was cut in two pieces. Bar = 1.0 pm. 
(Tall and Nauman, 1981. Appl. Environ. Microbiol. 42: 336-343; repro- 
duced with permission from B.D. Tall.) 


and oysters). Cristispira cells can be seen in great numbers 
from crystalline style preparations as shown in Figure 89. 
Cells are more numerous and motile in the inner zone 
rather then in the firm cortical region of the crystalline style 
(Perrin, 1906). Typically, mollusks with soft textured styles 
tend to harbor the spirochetes more frequently (Noguchi, 
1921). Cristispires have been observed to protrude through, 
or adhere to, the outer layer of the crystalline style as shown 
in Figure 90 (Bernard, 1970; Tall and Nauman, 1981). Swim- 
ming motility outside of the crystalline style is rapid, more 
than 100 um/s. Within the crystalline style, cristispires move 
slower in a creeping or crawling type of motility. Cells tend 
to avoid the anterior (blunt) end of the style, which usually 
contains food debris formed by the grinding of the style on 
the gastric shield region of the stomach (Breznak, 1973). It 
is likely that the anterior end of the style may contain sub- 
stances toxic (or repellent) to cristispires (Berkeley, 1933, 
1959, 1962). 

Cristispires have also been observed in regions of the host 
other than in the crystalline style, including the style pouch, 
gastric shield, and fluid of the pallial cavity, stomach, anterior 
intestine, cecum, and rectum (Bernard, 1970; Breznak, 1973). 
They have been observed in aquaria water used to incubate 
their hosts (Bosanquet, 1911; Fantham, 1908). Not all species of 
mollusks examined possess Cristispira (Bernard, 1970; Breznak, 
1973). 


FIGURE 89. Phase-contrast micrograph of a cluster of Cristispira cells 
from the crystalline style of Ostrea ( Crassostrea) virginica. Bar = 10 um. 
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FIGURE 90. Scanning electron micrograph of Cristispira associated 
with the outer layer of the crystalline style. Differences in coiling of 
the spirochetes on the surface and those below the surface can be 
readily observed. Bar = 10 um. (Tall and Nauman, 1981. Appl. Envi- 
ron. Microbiol. 42: 336-343; reproduced with permission from B.D. 
Tall.) 


In suspension, cells remain motile longer at 5-10°C than at 
temperatures above 20°C (Fantham, 1908; Noguchi, 1921; Per- 
rin, 1906); glucosone inhibits motility (Berkeley, 1962); motility 
occurs under aerobic and putative anaerobic conditions (Berke- 
ley, 1959). May be microaerophilic; a suspension of a high 
concentration of cristispires on a microscope slide will form a 
distinct zone, a ring, of cells near the edge of a coverslip with 
no cells present in the center of the slide (personal observa- 
tion, BJP). Cells typically lyse in distilled water (Fantham, 1908; 
Perrin, 1906). Cells survive, and perhaps have limited growth, 
in media with proteinaceous substrates (Noguchi, 1921) and 
fructose (Kubomura, 1969). 

Cells of Cristispira possess the ultrastructural characteristics 
typical of spirochetes, i.e., a bundle of periplasmic flagella is 
wrapped around the helical body of each cell. The bundle 
(called the crest for cells of Cristispira) consists of hundreds of 
periplasmic flagella (shown Figure 91) which are inserted near 
each end of the protoplasmic cylinder and appear to overlap 
in the central region of the cell. An outer sheath surrounds 
both the bundle of periplasmic flagella and the protoplasmic 
cylinder. Cristispira has the most periplasmic flagella of all the 
known spirochetes. 

Cristispira is found usually in healthy, palatable, univalve and 
bivalve mollusks obtained from well aerated beds (Berkeley, 
1959). It does not appear to be pathogenic to its host. In non- 
actively feeding mollusks or at cold temperatures, the crystalline 
style generally dissolves, and the numbers of Cristispira decrease 
dramatically or no Cristispira are found (Dimitroff, 1926; Kuhn, 
1974). 

The mollusk hosts that have been reported to harbor pre- 
sumed Cristispira are listed in Table 124. Cristispiradike spiro- 
chetes have also been observed in starfish (Collier, 1921), 
tunicates (Hellmann, 1913), and termites (Hollande, 1922), 
however, their phylogenetic relationships to the molluscan cris- 
tispires are unknown. 
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FIGURE 91. ‘Transmission electron micrograph of a negatively stained 
preparation. The “crest” has been somewhat dispersed revealing the 
numerous periplasmic flagella. Bar = 1.0 um. (Tall and Nauman, 1981. 
Appl. Environ. Microbiol. 42: 336-343; reproduced with permission 
from B.D. Tall.) 


Differentiation of the genus Cristispira 
from other genera 


Since Cristispira has not yet been grown in culture, the genus can 
only be differentiated from other genera of spirochetes based 
on habitat, the presence of a crista with hundreds of periplas- 
mic flagella, their relatively large size, and, more recently, 16S 
rRNA sequence comparison. 


Taxonomic comments 


16S rRNA genes amplified from DNA isolated from cristispire- 
laden crystalline styles of the common eastern oyster, Cras- 
sotrea virginica, were cloned into Escherichia coli and sequenced. 
Sequence comparisons indicated that Cristispira branches 
deeply among other spirochetal genera within the family Spiro- 
chaetaceae. Cristispira clearly represents a separate genus within 
this family (Figure 92). In situ hybridization experiments were 
used to verify that the sequence obtained was derived from the 
observed Cristispira cells (Paster et al., 1996). It is not known if 
there is more than one species of Cristispira since cells from only 
a single oyster were analyzed. 

Consequently, the genus Cristispira is still considered mono- 
specific until species can be grown or analyzed from different 
hosts by 16S rRNA gene sequence analysis. The early literature 
suggests many different specific epithets to reflect the molluscan 
host and subtle differences in ultrastructural traits (Breznak, 
1973; Kuhn, 1974). These species have previously been referred 
to as species incertae sedis (Kuhn, 1974). In the 1st edition of 
Bergey's Manual of Systematic Bacteriology (Breznak, 1984), reviving 
such names was avoided until pure cultures could be obtained 
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TABLE 124. Mollusk hosts of Cristispira 


Host 


Geographical source 


Reference 


Amphidesma australe (Gm.) 


Anodonta cygnea Linn. 
Anodonta grandis Say 
Anodonta mutabilis Cless. 
Anodonta (species unknown) 
Cardium papillosum Poli 
Chama gryphoides Linn. 
Chama, sinistrorsa Brocchi 
Clinocardium nuttallii (Con.) 
Crassostrea gigas Than. 
Cyclas (species unknown) 
Diplodonta orbella (Gould) 
Entodesma saxicola (Baird) 
Gastrochaena dubia Penn. 
Lampsilis anodontoides Lea 
Lima hyans Gm. 

Lima inflata Lam. 

Lyonsia pugetensis Dall 
Macoma (species unknown) 
Mactra sulcataria Desh. 
Modiola barbata Linn. 
Modiola modiolus Linn. 
Ostrea angulata Lam. 

Ostrea edulis Linn. 


Ostrea lurida Carp. 
Ostrea talienwhaneensis Cross 
Ostrea (Crassostrea) virginica Gm. 


Panope generosa Gould 
Paphia staminea* 
Pecten jacobaeus Linn. 
Pinna nobilis Linn. 
Protothaca staminea (Con.) 
Saxicava arctica (Linn.) 
Saxidomus giganteus Desh. 
Semisulcospira libertina Gould (a snail) 
Siliqua patula Dixon 
Solen ensis Linn. 
Soletellina acuminata Desh. 
Strophitus (species unknown) 
Tapes aureus Gm. 
Tapes decussatus (Linn.) 
Tapes laeta Wkff. 
Tapes ( Venerupis) philippinarum 
(Adams and Reeve) 
Tapes pullastra (Moot.) 
Tivela stultorum Mawe 
Tresus capax (Gould) 
Tresus nuttallii (Con.) 
Unio pictorum Linn. 
Venerupis japonica (Desh.) 
Venus casta Chem. 
Venus mercenaria Linn. 
Venus verrucosa Linn. 
Others: 
"Schleswig Holstein oyster" 
"Adriatic oyster" 
"French", "English", and 
"Abervrach" oysters 


Cheltenham Beach, Auckland, New Zealand 
(marine) 
River Cam, England (freshwater) 
Wisconsin, USA (freshwater) 
Germany (freshwater) 
England (freshwater) 
Rovigno, Adriatic Sea (marine) 
Rovigno, Adriatic Sea (marine) 
Rovigno, Adriatic Sea (marine) 
British Columbia, Canada (marine) 
British Columbia, Canada (marine) 
Rovigno, Adriatic Sea (marine) 
British Columbia, Canada (marine) 
British Columbia, Canada (marine) 
Rovigno, Adriatic Sea (marine) 
Wisconsin, USA (freshwater) 
Rovigno, Adriatic Sea (marine) 
Rovigno, Adriatic Sea (marine) 
British Columbia, Canada (marine) 
Zalifornia, USA (marine) 
Fukuoka, Japan (marine) 
Rovigno, Adriatic Sea (marine) 
Woods Hole, MA, USA (marine) 
Arcachon and LaRochelle, France (marine) 
France and Adriatic Sea (marine) 


British Columbia, Canada (marine) 
Fukuoka, Japan (marine) 
Tuckerton, NJ, USA; Baltimore, MD, USA; Woods 
Hole, MA, USA (marine) 
British Columbia, Canada (marine) 
British Columbia, Canada (marine) 
Gulf of Naples, Italy (marine) 
Rovigno, Adriatic Sea; Gulf of Naples, Italy (marine) 
British Columbia, Canada (marine) 
Rovigno, Adriatic Sea (marine) 
British Columbia, Canada (marine) 
Hiroshima, Japan (freshwater) 
california, USA (marine) 
(?) 
Tamblegam Lake, Ceylon (saltwater) 
Wisconsin River, WI, USA (freshwater) 
France (marine) 
Rovigno, Adriatic Sea and France (marine) 
Rovigno, Adriatic Sea (marine) 
Fukuoka, Urayasu, and Inage, Japan (marine) 


France (marine) 

california, USA (marine) 

British Columbia, Canada (marine) 
British Columbia, Canada (marine) 
Rovigno, Adriatic Sea (marine) 
British Columbia, Canada (marine) 
Tamblegam Lake, Ceylon (saltwater) 
Woods Hole, MA, USA (marine) 
France (marine) 


North Germany (marine) 
Adriatic Sea (marine) 
France and England (marine) 


Judd (1979) 


Dobell (1912), Fantham (1908) 

Nelson (1918) 

Keysselitz (1906), Schellack (1909) 

Bosanquet (1911) 

Schellack (1909) 

Schellack (1909 

Schellack (1909 

Bernard (1970) 

Berkeley (1959), Bernard (1970) 

Schellack (1909) 

Bernard (1970) 

Bernard (1970) 

Schellack (1909) 

Nelson (1918) 

Schellack (1909) 

Schellack (1909) 

Bernard (1970) 

Berkeley (1959) 

von Prowazek (1910) 

Schellack (1909) 

Noguchi (1921) 

Certes (1882) 

Certes (1882), Fantham (1911), Ryter 
and Pillot (1965), Schellack (1909), 
Swellengrebel (1907), von Prowazek (1910) 

Bernard (1970) 

von Prowazek (1910) 

Nelson (1918), Dimitroff (1926), Noguchi (1921), 

Tall and Nauman (1981) 

Bernard (1970) 

Berkeley (1959) 

Gross (1910) 

Gonder (1908), Schellack (1909) 

Bernard (1970) 

Schellack (1909) 

Berkeley (1959), Bernard (1970) 

Terasaki (1958) 

Berkeley (1959) 

Fantham (1911) 

Dobell (1911, 1912) 

Breznak (1973) 

Fantham (1911), Ryter and Pillot (1965) 

Ryter and Pillot (1965), Schellack (1909) 

Schellack (1909) 

van Prowazek (1910), Kubomura (1969) 


Sea 


Ryter and Pillot (1965) 

Berkeley (1959), Jahn and Landman (1965) 
Bernard (1970) 

Bernard (1970) 

Schellack (1909) 

Bernard (1970) 

Dobell (1911, 1912) 

Noguchi (1921) 

Ryter and Pillot (1965) 


Möbius (1883) 
Perrin (1906) 
Fantham (1908) 


“Authority unknown. 
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Cristispira clone CP1 


Borrelia hermsii 

Borrelia burgdorferi 
Spirochaeta litoralis Spirochaetaceae 
Spirochaeta halophila 


Treponema denticola 


Treponema pallidum 
Brachyspira hyodysenteriae 
Leptonema illini 


Brevinema andersonii 


FIGURE 92. Dendrogram illustrating the phylogenetic position of Cris- 
tispira relative to members of other spirochetal genera. Cristispira clearly 
represents a separate genus. 
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for adequate characterization. Furthermore, several species of 
spirochetes of smaller size and with fewer periplasmic flagella 
than Cristispira have been observed in other mollusks including 
Anodonta mutobilis (Schellack, 1909), Pachelebra (probably Pachy- 
labra) moesta (a snail; deMello, 1921), Pinna squamasa (Gonder, 
1908), Scrobicularia piperata (Pilot and Ryter, 1965), planor- 
bid mollusks (Richards, 1978), and Polydora flava (a marine 
polychete annelid; Mesnil and Caullery, 1916). Kuhn (1974) 
referred to these Cristispiradike species as species inquirendae. 


Further reading 

Margulis, L., L. Nault and J. Sieburth. 1991. Cristispira from 
oyster styles: complex morphology of large symbiotic spiro- 
chetes. Symbiosis 71: 1-19. 


List of species of the genus Cristispira 


1. Cristispira pectinis Gross 1910, 44^- 


pec'ti.nis. L. masc. n. pecten a kind of shell-fish, a scallop, and 
also a genus of mollusks (Pecten); L. gen. n. pectinis of a scal- 
lop, of Pecten. 


Helical, flexible cells, 0.5-1.5 um in diameter x 36-80 um 
displaying no more than four complete helical turns. Ends of 
the cells are round or tapered with no terminal appendages. 
Stained preparations reveal cross-striations, polar granu- 
lation, and multiple inclusions. In fixed and stained 


preparations, a crista (i.e., a bundle of hundreds of peri- 
plasmic flagella) wraps around the length of the cell. Cells 
divide by transverse fission. 

Source: the crystalline style and intestinal fluid of the scal- 
lop, Pecten jacobaeus, from the Gulf of Naples. 

DNA G+C content (mol96): not determined. 

Type strain: no culture isolated. 

Sequence accession no. (16S rRNA gene): U42638; represents 
cloned 16S rRNA gene (CP1) from DNA isolated from crys- 
talline style of oyster (Paster et al., 1996). 


Genus IV. Treponema Schaudinn 1905, 1728" (Spironema Vuillemin 1905, 1568; Microspironema Stiles 
and Pfender 1905, 936) 


Steven J. Norris, Bruce J. PAsrER AND RoBERT M. SmiBeRT* 


Trep.o.ne'ma. Gr. v. trepó to turn; Gr. neut. n. nema a thread; N.L. neut. n. treponema a turning thread. 


Host-associated, helical cells 0.1-0.7 pm in diameter and 
1-20 pm in length. Cells have tight regular or irregular spirals 
and one or more periplasmic flagella (axial fibrils or axial fila- 
ments) inserted at each end of the protoplasmic cylinder. Cyto- 
plasmic filaments are seen in the protoplasmic cylinder just 
under the cytoplasmic membrane and running parallel with 
the periplasmic flagella. Under unfavorable cultural or environ- 
mental conditions, spherical cells are formed. These can also be 
seen in old cultures. Gram-stain-negative. Cells stain well with 
silver impregnation methods. Most species stain poorly, if at 
all, with Gram or Giemsa stain. Best observed with darkfield or 
phase-contrast microscopy. Motile. Cells have rotational move- 
ment in liquid media, and translational motion in media with 
high viscosity [e.g., those containing 1% (w/v) methyl cellulose]. 
In a semisolid or solid medium, cells exhibit a serpentine type 
movement, sometimes referred to as creeping motility. Strictly 
anaerobic or microaerophilic. Frank pathogens (Treponema pal- 
lidum subspecies, Treponema carateum, and the rabbit pathogen 


*Portions of this chapter have been adapted from the previous version in Bergey's 
by Smibert (1984). To assure accuracy and completeness, many of the species 
descriptions from the defining publications are repeated with only minor modifi- 
cations. We regret that space limitations preclude the inclusion of all references 
relevant to this chapter. 


Treponema paraluiscuniculi) represent a closely related subset 
within this genus and are considered microaerophiles. Limited 
multiplication of Treponema pallidum subsp. pallidum strains has 
been obtained in a tissue culture system, but none of the patho- 
genic Treponema have been cultivated continuously in artificial 
media or in tissue culture. Chemo-organotrophs, using a variety 
of carbohydrates or amino acids for carbon and energy sources. 
Cultivated anaerobic species are catalase- and oxidase-negative. 
Some require long-chain fatty acids found in serum for growth, 
while other cultivated species require short-chain volatile fatty 
acids for growth. Host-associated. Pathogenic Treponema pal- 
lidum subspecies cause skin lesions, and Treponema pallidum 
(particularly subspecies pallidum) can cause systemic infections 
that, if untreated, can last for years to decades. Other species 
are found in the oral cavity, intestinal tract, and genital areas of 
humans or other mammals, and in the gut contents of wood- 
feeding insects. 

DNA G+C content (mol % ): 37-54. 

Type species: Treponema pallidum subsp. pallidum (Schaudinn 
and Hoffman 1905) Schaudinn 1905, 17284". 


Further descriptive information 


Phylogeny and genetics. Comparison of rRNA gene sequences 
(Figure 93) and additional genome information indicates that 
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5% 


Treponema pallidum subsp. pallidum; M88726 
Treponema pallidum subsp. pertenue; AF42610 
[Spirochaeta ] zuelzera e; M88725 

Treponema medium ; AF023051 

Treponema vincentii ; AF033309 

Treponema calligyrum ; AF426100 

Treponema refringens ; AF426101 

Treponema phagedenis ; M57739 

Treponema putidum ; AJ543428 

Treponema denticola ; M71236 

Treponema brennaborens e; Y 16568 

Treponema lecithinolyticum ; AJ131282 
Treponema maltophilum ; AF023039 

Treponema bryanti i; M57737 

Treponema berlinense ; AY230217 

Treponema pectinovorum ; M71237 

‘Treponema saccharophilum; M71238 
Treponema ziolecki i; DQ065758 
Treponema succinifacien s; M57738 
Treponema porcinum ; AY518274 

Treponema amylovorum ; AF023045 
Treponema parvum ; AF033304 

Treponema socranskii subsp. socranski i; AF033306 
Treponema socranski isubsp. buccale; AF033305 
Treponema socranskii subsp. paredis; AF033307 
Treponema primitia ; AF093252 

Treponema azotonutricu m; AF320287 
[Spirochaet a] caldaria; M71240 

[Spirochaet a] stenostrept a; M88724 

Spirochaeta isovaleric a; M88720 

Spirochaeta halophila; M88722 


FIGURE 93. Phylogenetic tree of the genus Treponema and related 
organisms, based on 16S ribosomal RNA gene (rRNA) sequences. The 
distance corresponding to 5% sequence difference is indicated in the 
upper left corner. The GenBank accession number is provided for each 
organism. Approved species and candidati are not distinguished in this 
figure. Some of the Spirochaeta species shown ([Spirochaeta] zuelzerae, 
[Spirochaeta] caldaria, and. [Spirochaeta] stenostrepta) are potential candi- 
dates for reclassification as Treponema species. 


strains of the pathogenic species Treponema pallidum and Treponema 
carateum are closely related; Treponema paraluiscuniculi, while still a 
member of this group, diverges significantly from the human patho- 
gens. In the 1984 edition of Bergey’s Manual, Smibert (1984) reclas- 
sified the human pathogens as Treponema pallidum subsp. pallidum 
(venereal syphilis isolates), Treponema pallidum subsp. endemicum 
(endemic syphilis), and Treponema pallidum subsp. pertenue (yaws); 
Treponema carateum (pinta) has remained a separate species due 
to the lack of genetic information. This reclassification has with- 
stood the test of time; indeed, the genomes of the Tieponema 
pallidum subspecies differ by only a few hundred base pairs. The 
remaining Treponema species, although diverse, are clearly sepa- 
rated from the other genera of the family Spirochaetaceae. 

The genome sequences of two strains (Treponema pallidum 
subsp. pallidum Nichols and Treponema denticola ATCC 35405) 
are available (Fraser et al., 1998; Seshadri et al., 2004). The 
genome size of Treponema pallidum is 1.138 Mb, whereas that of 
Treponema denticola is 2.843 Mb. The estimated genome sizes of 
other cultivatable Treponema species range from 2.3 to 3.9 Mb 
(Correia et al., 2004; Giacani et al., 2004). 

The genome of Treponema pallidum subsp. pallidum Nichols 
does not contain any recognized extrachromosomal elements, 
bacteriophage sequences, or insertion elements (Fraser et al., 
1998). The Treponema denticola chromosome contains at least 
one putative insertion element, a cryptic bacteriophage, and 
a “clustered regularly interspaced short palindromic repeat” 
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(CRISPR) region that is thought to represent a mobile element 
(Seshadri et al., 2004). Some Treponema denticola strains contain 
plasmids, and one of these (pTD1) has been sequenced and 
shown to contain bacteriophage-related sequences (Cheetham 
and Katz, 1995; MacDougall et al., 1992). Myovirus-like bac- 
teriophage particles were detected by electron microscopy in 
cultures of an unclassified treponeme from a bovine digital der- 
matitis case (Demirkan et al., 2006). Otherwise, little is known 
about the existence of extrachromosomal elements, bacterio- 
phage, and mobile DNA elements in the genus Treponema. 


Morphology. Cells of all species are helical (Stepan and 
Johnson, 1981) and vary in cell diameter (0.1-0.7 um). The 
structure of Treponema pallidum subsp. pallidum Nichols is shown 
in Figure 94. The outer envelope of treponemes contains 
lipid, protein, and carbohydrates and is similar to the outer 


FIGURE 94. Structure of the type species Treponema pallidum, as 
exemplified by Treponema pallidum subspecies pallidum Nichols. (a) 
Scanning electron micrograph of an intact cell, showing the helical 
structure. (b) Negative stain transmission electron micrograph of the 
ends of two organisms. (c-e). Transmission electron micrographs of 
ultrathin sections. PF, periplasmic flagella; I, flagellar insertion points; 
OM, outer membrane; CM, cytoplasmic membrane; CF, cytoplasmic 
filaments (in cross-section). (Reproduced with permission from Norris 
et al., 2003. The Prokaryotes: an Evolving Electronic Resource for the 
Microbiological Community, 3rd edn. Springer, New York.) 
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Type 


Habitat 


Species 


Frank pathogens 
organs of humans 


Genital region of rabbits with venereal spirochetosis 
Dental plaque in gingival crevices of humans and other animals 


Oral spirochetes 


Skin-associated spirochetes 


Hoof-associated spirochetes 


Intestinal spirochetes Bovine intestinal tract 


Porcine intestinal tract 


Termite-associated spirochetes 


Skin, mucous membranes and (for some subspecies) internal 


Sebaceous secretions in genital region of humans 


Hooves of cattle with digital dermatitis 


Symbionts present in termite midguts 


T. pallidum subsp. pallidum 


T. pallidum subsp. pertenue 
T. pallidum subsp. endemicum 
T. carateum 

T. paraluiscuniculi 
T. amylovorum 

T. denticola 

T. lecithinolyticum 
T. maltophilum 

T. medium 

T. parvum 

T. pectinovorum 

T. putidum 

T. scoliodontus 

T. socranskii 

T. vincenti 

T. minutum 

T. phagedenis 

T. vefringens 

T. brennaborense 
T. bryanti 

T. saccharophilium 
T. succinifaciens 

T. berlinense 

T. porcinum 

T. azotonutricum 
T. primitia 


membrane of Gram-stain-negative bacteria. The lipid is mainly 
phospholipid and glycolipid. In general, lipopolysaccharide 
(LPS) appears to be absent from Treponema spp., and the 
genomes of Treponema pallidum subsp. pallidum and Treponema 
denticola lack genes required for LPS biosynthesis (Fraser et al., 
1998; Seshadri et al., 2004). It has, however, been reported that 
Treponema vincentii expresses LPS (Blanco et al., 1994; Kurim- 
oto et al., 1990). The pathogenic treponemes are further dis- 
tinguished by the paucity of proteins in the outer membrane 
(Radolf, 1995; Radolf et al., 1989b, 1991; Walker et al., 1989); 
these “rare outer-membrane proteins" have not been identified 
definitively. The cell walls contain muramic acid, glucosamine, 
ornithine, glycine, and alanine (Radolf et al., 1989a). Peptido- 
glycan represents 196 of the dry weight of cells. Several promi- 
nent lipoproteins are associated with the cytoplasmic membrane 
of Treponema pallidum (Norris, 1993) and are implicated in the 
induction of inflammatory reactions in the mammalian host. 

As in other spirochetes, the periplasmic flagella of Treponema 
originate at both ends of the organism and extend proximally 
along the length of the bacterium within the periplasmic space. 
The basal body and proximal hook of periplasmic flagella are 
similar to those of flagella found in other bacteria (Murphy 
et al., 2006). In the Treponema species examined, the flagellar 
filaments consist of two or more core proteins homologous to 
flagellins of other bacteria (e.g., FlaB1, FlaB2, and FlaB3 of 
Treponema pallidum), as well as a single sheath protein (FlaA) 
(Norris, 1993; Norris et al., 1988). 

Treponemes have cytoplasmic filaments that extend the 
length of the organism along the inner layer of the cytoplasmic 
membrane, underlying the periplasmic flagella (Hovind-Hougen 


and Birch-Andersen, 1971; Izard, 2006; You et al., 1996). These 
ribbondike filaments are ~5-7 nmx1 nm in cross section and 
occur in clusters of 4—6. The major subunit of cytoplasmic 
filaments is CfpA, with a molecular mass of 78-80 kDa. Most 
Treponema species examined have been found to contain cyto- 
plasmic filaments. More recently the cytoplasmic filaments 
have been shown to bridge the cytoplasmic cylinder constric- 
tion site in dividing cells, and may be anchored by a narrow 
plate-like structure (Izard et al., 2008). 


Habitat and pathogenesis. Treponemes are primarily 
host-associated and are found in the microflora of humans 
and other animals (Table 125). The pathogenic treponemes 
in the Treponema pallidum/ Treponema carateum/ Treponema par- 
aluiscuniculi group cause syphilis, yaws, pinta, and nonvenereal 
endemic syphilis in humans and venereal spirochetosis in rab- 
bits; these organisms have not been cultivated continuously 
in vitro, and are usually propagated in laboratory animals, e.g., 
in the testes of rabbits. These bacteria are transmitted by sex- 
ual contact in the case of syphilis and venereal spirochetosis of 
rabbits, and by skin-to-skin contact or shared utensils for the 
other treponematoses. The initial infection causes lesions in 
the skin or mucous membranes, but Treponema pallidum subsp. 
pallidum and some of the other subspecies disseminate and 
cause systemic infection and manifestations. Treponema pallidum 
is considered a microaerophile requiring low concentrations of 
oxygen (1.5-5.0%) for survival and multiplication (Cox, 1994, 
1980; Norris et al., 1978). Many of the other Treponema spe- 
cies identified are localized in subgingival crevices surround- 
ing the teeth of humans and other animals and are part of 
the polymicrobial infection that causes periodontal disease 
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(e.g., periodontitis) (Moore and Moore, 1994; Sela, 2001). 
Treponema brennaborense is associated with digital dermatitis in 
cattle, a painful ulcerative lesion occurring in the corona region 
of the hoof. The saprophytic Treponema species Treponema minu- 
tum, Treponema phagedenis, and Treponema refringens were isolated 
from material associated with the surface of the skin (smegma) 
in the anogenital region of humans and are nonpathogenic. 
Treponema species are also found in the intestinal tract of rumi- 
nant animals and swine, and have not as yet been implicated as 
pathogens. Another subset are intestinal symbionts important 
in the metabolism of termites. 


Metabolism 


The cultivated treponemes are strict anaerobes and require low 
redox conditions for growth. Some of these treponeme spe- 
cies ferment glucose and require a carbohydrate as an energy 
source, whereas other species gain energy from the fermenta- 
tion of amino acids. Treponemes also differ in their require- 
ment for fatty acids. Some species require long-chain fatty acids 
found in serum, while others require short-chain volatile fatty 
acids found in rumen fluid. All cultivated treponeme species 
require either long or short-chain fatty acids. Many of the oral 
organisms, including Treponema denticola, Treponema vincenti, 
and Treponema scoliodontus, require thiamine pyrophosphate in 
addition to serum. 

Continuous culture of the pathogenic subspecies of 
Treponema pallidum has not been achieved. Limited multiplica- 
tion of Treponema pallidum subsp. pallidum can be obtained in a 
culture system consisting of a modified tissue culture medium, 
SflEp cottontail rabbit epithelial cell cultures, and an atmo- 
sphere containing 1.5% O,, 5% CO,, and 93.5% N, (Cox, 
1994). Under these conditions, up to 100-fold increases in the 
number of Treponema pallidum over a 12-d period are observed; 
however, subculture does not lead to increased yields or pro- 
longed survival (Norris and Edmondson, 1987). The genome 
sequence of Treponema pallidum subsp. pallidum Nichols indi- 
cates that the organism has little biosynthetic capacity (Fraser 
et al., 1998). The lack of continuous growth is likely due to a 
deficiency in required nutrients and/or irreversible damage 
resulting from toxic conditions in the in vitro environment. Cul- 
tivated treponemes (Treponema phagedenis, Treponema refringens, 
Treponema denticola, and Treponema vincentii) are inhibited by 
penicillin (100-1000 U/1), ampicillin (0.1-1.0 mg/1), oxacillin 
(0.1-10 mg/l), cloxacillin (0.1-1.0 mg/l), cephalothin (0.1- 
10 mg/1), vancomycin (0.1-10 mg/l), bacitracin (0.1-1.0 mg/1), 
erythromycin (0.1-1.0 mg/l), novobiocin (10-500 mg/l), 
tetracycline (1 mg/l), doxycycline (0.1-1.0 mg/1), chloram- 
phenicol (100-500 mg/l), kanamycin (100-1000 mg/l), and 
viomycin (10-1000 mg/l). Bactericidal concentrations of anti- 
biotics are usually much higher than inhibitory concentrations 
(Abramson and Smibert, 1971). All treponemes are resistant to 
cycloserine (500-1000 mg/l), polymyxin B (500-1000 mg/l), 
and nalidixic acid (500-1000 mg/1) (Abramson and Smibert, 
1971). Oral and rumen treponemes are resistant to rifampicin 
at concentrations of 1-50 mg/l (Leschine and Canale-Parola, 
1980b; Stanton and Canale-Parola, 1979), apparently due to an 
asparagine substitution at position 518 of the RNA polymerase p 
subunit RpoB (Stamm et al., 2001). Recent studies have shown 
that a substantial proportion of Treponema pallidum subsp. pal- 
lidum strains have a point mutation in the 16S rRNA genes that 
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renders the organism resistant to macrolides, including azithro- 
mycin (Lukehart et al., 2004; Marra et al., 2006; Mitchell et al., 
2006; Stamm and Bergen, 2000). 


Enrichment and isolation procedures 


The cultivable treponemes can be isolated by two general meth- 
ods. The first uses membrane filters placed on the surface of 
agar media. The second method uses rifampicin as a selective 
agent (Leschine and Canale-Parola, 1980b; Stanton and Canale- 
Parola, 1979). 

A membrane filter with a pore size of 0.2 um is placed on 
an agar medium containing either 10% inactivated animal 
serum or 30% rumen fluid. The agar concentration should 
be no more than 1.3-1.4%. The sample is placed on the fil- 
ter and the Petri dish quickly placed in an anaerobic jar or 
chamber and incubated. Treponemes and all other genera 
of spirochetes migrate through the filter whereas most other 
bacteria can not, resulting in a spirochetal enrichment. Incu- 
bation usually requires 1-2 weeks at 37°C. After incubation, 
the filter is removed and a white haze can be seen in the agar. 
Treponemes migrate through the filter and grow into the agar. 
A plug of agar is removed and inoculated into a pre-reduced 
culture medium. 

In the second method, filter-sterilized rifampicin is added to 
either pre-reduced broth or molten agar medium in tubes to a 
final concentration of 1.0-2.0 mg/l. The tubes are inoculated 
and incubated at 37°C. Serial dilutions of samples can be made 
in the selective medium. The medium contains 196 agar and 
is allowed to solidify in the form of agar deeps. After incuba- 
tion, white cottony colonies of treponemes are seen within the 
medium. These colonies can be removed with a Pasteur pipette 
and inoculated into pre-reduced medium. 

The selective broth medium will contain treponemes and 
a few other kinds of bacteria because rifampicin does not 
inhibit all other bacteria. Treponemes can be isolated from 
the enriched selective culture by inoculating pre-reduced agar 
medium (1.3-1.4% agar) in 6- or 8-oz prescription bottles. The 
"bottle plates" can be streaked or the culture inoculated into 
molten agar (45°C) in the bottles, mixed, and the agar allowed 
to solidify on the flat side of the bottle. The gas phase in the 
bottle plates should be 90% N, and 10% CO,. 

The non-cultivatable, pathogenic Treponema species can be 
propagated through animal inoculation (Miller, 1971; Turner 
and Hollander, 1957). Rabbits are the most widely used host for 
experimental infection, although primates, guinea pigs, and 
hamsters can also be infected with certain Treponema pallidum 
subspecies (Table 126). Early lesions (e.g., primary or second- 
ary lesions of syphilis patients) sampled prior to the healing 
stages are most likely to yield infectious organisms. Either a tis- 
sue biopsy or lesion exudate can be used for inoculation. Tissue 
is minced and extracted in a serum-containing medium (e.g., 
0.85% NaCl with 10% heat-inactivated rabbit serum). Organ- 
isms are highly susceptible to reactive oxygen species, so ideally, 
the medium should be pre-equilibrated with 95% N,: 5% CO, 
and extraction carried out under anaerobic conditions. The 
extract should be monitored for the presence of spirochetes 
by darkfield microscopy. After 10-30 min, the extract should 
be centrifuged at 300 x gfor 7min to remove tissue debris, and 
the supernate inoculated as soon as possible by needle and 
syringe into the testes (1 ml per testis) or intradermally into a 
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TABLE 126. Differential characteristics of the noncultivable, named species of the genus Treponema 


1. T. pallidum subsp. 


Characteristic pallidum  pertenue — endemicum 7. T. carateum 13. T. paraluiscuniculi 
Natural host: 
Humans + + + + E 
Rabbits = = = = + 
Nature of infection in natural host: 
Systemic; may affect most internal organs + = = = 
Usually restricted to cutaneous lesions = + + + + 
Sexually transmitted + = = = + 
Geographical distribution: 
Worldwide + = x: - nr 
Found only in tropical countries in both = + = = nr 
hemispheres 
Found only in tropical countries in the = = = + nr 
Western hemisphere 
Restricted to semi-arid regions in the = = + - nr 
Middle East, Africa, and Southeast Asia 
Cutaneous lesion produced in: 
Rabbits + + + = nr 
Hamsters + + + - nr 
Mice = = x - nr 
Guinea pigs +° =: ú = nr 
Primates + + + + nr 


“+, Positive; —, negative; nr, not reported. 


^Hamsters are less susceptible to subsp. pallidum than to subsp. pertenue or endemicum. 


‘Lesions are only slightly indurated and do not ulcerate (Turner and Hollander, 1957). 


shaved area of the back (0.1 ml per site) of a rabbit. Treponema 
pallidum is highly temperature sensitive, so the rabbits should 
be maintained at 18-20°C and the skin inoculation sites kept 
free of hair. Rabbits should be examined daily for the pres- 
ence of orchitis (testis swelling) or erythematous, indurated 
lesions at the skin inoculation sites. The infection can also 
be monitored by testing for Rapid Plasma Reagin (RPR) test 
reactivity. If lesions are not apparent at 3—4 weeks, blind pas- 
sage of extracts from testicular tissue or popliteal lymph node 
to a naive animal may yield positive results. Organisms can be 
maintained by extraction of organisms from infected tissue 
and inoculation of animals at 10-21-d intervals, depending on 
the strain. The inoculum for intratesticular inoculation should 
be 1-5x10’ cells; yields vary greatly according to the strain but 
will typically be in the range of 10° to 10" cells per animal at 
the time of peak orchitis. 


Maintenance procedures 


Cultures of all species of treponemes can be stored in the fro- 
zen State using liquid nitrogen or mechanical freezers at —80°C. 
Cryoprotective agents such as 10-15% (v/v) glycerol or 10% 
(v/v) dimethyl sulfoxide are added to cultures just prior to 
freezing. Lyophilization has generally not been successful for 
preservation of treponemes. 


Taxonomic comments 


Named species of Treponema can be subdivided into the non- 
cultivatable, pathogenic species and the cultivatable species. 
Differentiation of the noncultivable species of Treponema is pre- 
sented in Table 126. Characteristics useful for differentiating 
the cultivable species are given in Tables 127-129. 


The uncultivated species include Treponema pallidum 
(Treponema pallidum subsp. pallidum, Treponema pallidum subsp. 
pertenue, and Treponema pallidum subsp. endemicum), Treponema 
carateum, and Treponema paraluiscuniculi. The primary distin- 
guishing characteristics of these species and subspecies are the 
diseases that they cause: syphilis (subsp. pallidum), yaws (subsp. 
pertenue) , endemic syphilis (subsp. endemicum), pinta (Treponema 
carateum), and venereal spirochetosis of rabbits (Treponema par- 
aluiscuniculi). To the extent they have been examined, these 
species and subspecies are indistinguishable in terms of mor- 
phology, in vitro characteristics (e.g., motility and survival under 
different conditions), protein content as determined by SDS- 
PAGE, and genomic DNA-DNA hybridization. Prior infection 
of animals with strains of different Treponema species or subspe- 
cies provides incomplete cross-protection from infection with 
other strains, indicating that antigenic differences are present 
(Turner and Hollander, 1957); however few such differences 
have been detected at the molecular level (Baker-Zander and 
Lukehart, 1983, 1984; Fohn et al., 1988; Noordhoek et al., 
1990). 

Centurion-Lara et al. (1998) found that the 5’ and 3’ regions 
flanking ¢pp15 contained polymorphisms that could be used to 
distinguish Treponema pallidum subsp. pallidum from the other 
pathogenic Treponema species and subspecies, and Treponema 
paraluiscuniculi from the human pathogens. PCR amplification 
followed by restriction fragment length polymorphism (RFLP) 
analysis revealed the presence of a unique Eco4’7III site in the 
5' region in Treponema pallidum subsp. pallidum strains, and a 
Xcml site in the 3’ region in Treponema paraluiscuniculi strains. 
Subsequent studies by the same group (Centurion-Lara et al., 
2006) showed that additional polymorphisms in the Treponema 
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TABLE 128. Carbohydrate utilization reported for Treponema species 

š š Š d s È Š š P 8 35 P 3 3 3 $ 3 

P MP M 5 0 E 0 A 2223195 

ë H B B HR B B E S ÉE Š OS S E B ee 

Ñ cd + í oc e S = = E So B = = Nn à X 
Acetate nr nr nr nr _ nr nr nr nr nr nr nr nr nr _ nr _ 
N-Acetyl-galactosamine nr nr nr nr nr nr nr nr + nr nr nr nr nr nr nr + 
N-Acetylglucosamine nr nr nr nr nr + + nr + nr nr nr nr nr nr nr nr 
Adonitol nr nr nr nr nr nr nr - nr - nr nr nr nr nr - nr 
Amygdalin nr nr nr nr nr nr nr nr nr x - nr nr nr nr - n 
p-Arabinose - - + nr nr + d _ _ _ _ _ d _ nr d nr 
D-Cellobiose _ + nr nr + _ _ nr _ _ _ nr d _ + _ + 
Dulcitol nr nr nr nr nr nr nr nr _ _ nr nr nr nr - nr - 
Formate nr nr nr nr - nr nr d nr nr nr nr _ nr - nr - 
D-Fructose - + + nr _ d d + + _ + _ nr _ + d _ 
p-Fucose - nr nr nr nr - - nr - nr nr nr nr - nr nr nr 
p-Galactose - nr nr nr * - d t + _ d nr nr _ + d + 
p-Galacturonic acid _ nr + nr nr _ _ nr _ + nr nr nr _ + _ nr 
Gluconate nr nr nr nr _ nr + nr nr nr nr nr nr nr _ nr _ 
p-Glucose + + + nr + _ d + + - + - + - + d + 
D-Glucuronic acid _ nr + nr nr _ _ nr _ + nr nr nr - t - nr 
Glycerol nr nr nr nr - nr * nr nr - nr nr nr nr - d - 
Glycogen + nr nr nr nr nr nr nr nr - - nr nr - nr d nr 
H,«CO, nr - nr nr nr nr nr nr nr nr nr nr + nr nr nr nr 
Inulin nr nr nr nr _ nr nr + nr _ nr nr nr nr + _ _ 
Lactate nr - nr nr nr nr nr nr nr nr - nr - nr - nr - 
p-Lactose - nr nr nr + - - - - - + nr nr _ + _ + 
Maltose + + + nr _ _ + + _ _ _ + + - + d + 
p-Mannitol _ _ + nr _ _ _ _ + _ + _ + _ _ _ _ 
p-Mannose _ nr + + + nr d + + _ + _ nr _ + d + 
p-Melibiose _ nr nr nr nr _ d nr _ _ _ nr nr _ nr nr nr 
Melezitose nr nr nr nr nr nr nr nr nr - - nr nr nr nr - nr 
Pectin (polygalacturonic nr nr E nr = nr nr nr + + nr u nr nr + nr nr 

acid) 

Pyruvate nr - nr nr nr nr nr nr nr nr t nr + nr nr nr _ 
p-Raffinose nr nr nr + _ nr nr + nr _ nr nr nr nr + nr _ 
p-Ribose _ + nr nr _ + d + + _ d nr _ _ _ d _ 
Salicin nr nr nr nr nr nr nr + nr _ _ nr nr nr nr _ nr 
D-Sorbitol nr nr nr nr - nr - - nr - nr nr nr nr - - - 
Starch + nr nr nr _ nr + nr nr _ _ nr nr _ + nr + 
Succinate nr nr nr nr _ nr nr nr nr nr nr nr nr nr - nr - 
p-Sucrose - - + nr + _ _ + _ _ _ _ nr _ + d _ 
p-Trehalose _ _ + nr nr _ _ + _ _ d _ nr _ nr d _ 
p-Xylose = + nr nr + d = = + - = nr + = = d + 
Xylitol nr _ nr nr _ nr nr nr nr nr nr nr nr nr _ nr _ 
L-Arabinose - nr nr t nr - d nr t nr nr nr nr _ + d + 
L-Fucose - nr + nr nr + + nr _ nr nr - nr - nr - nr 
1-Rhamnose - nr + nr - - d nr - nr nr - nr - - d - 
L-Sorbose - nr nr nr - - - nr - nr nr nr nr - - nr - 
Uric acid nr - nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr 
L-Xylose - nr nr nr nr - - nr - nr nr nr nr - nr nr nr 


Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; nr, not reported. 


pallidum repeat (tpr) genes tprC and tprI could be detected by 
RFLP analysis and used to distinguish each of the Treponema 
pallidum subspecies and a simian isolate, Treponema strain Fri- 
bourg-Blanc. These are currently the only systematic means for 
distinguishing the pathogenic Treponema species and subspecies. 
Additional approaches have been developed for the molecular 
subtyping of Treponema pallidum subsp. pallidum strains (Pillay 
et al., 1998), and have been used in epidemiologic studies of 


syphilis transmission (Diclemente et al., 2004; Molepo et al., 
2007; Pillay et al., 2002; Sutton et al., 2001). 

Distinction of the cultivatable Treponema species is depen- 
dent on 16S rRNA gene sequence heterogeneity (Figure 93), 
phenotypic characteristics, some morphologic properties 
(e.g., cellular dimensions and number of flagella), and natu- 
ral habitat. Litle DNA-DNA reassociation data are available 
(Maio and Fieldsteel, 1978). 16S rRNA comparisons (Paster 
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TABLE 129. Enzymic activities of Treponema species, as determined by API ZYM analysis* 


2. T. amylovorum 
4. T. berlinense 
5. T. brennaborense 


Number of strains examined 
1. Alkaline phosphatase 

. Esterase (C 4) 

. Esterase Lipase (C 8) 

. Lipase (C 14) 

. Leucine arylamidase E = 
. Valine arylamidase = = = 
. Cystine arylamidase = = = 
Trypsin - - - 
o-Chymotrypsin = = = 
. Acid phosphatase + + + 
Naphthol-AS-BI- + + + 
phosphohydrolase 
12. a-Galactosidase - - - + - 
13. B-Galactosidase - - + d 
14. B-Glucuronidase _ _ _ _ 
15. a-Glucosidase _ - + _ _ 
16. B-Glucosidase _ _ _ + _ 
17. Nacetyl-B-glucosaminidase = = + = + 
18. a-Mannosidase _ - - - x: 
19. a-Fucosidase 


+ += 
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+ + + o | S. T. denticolab 


+ + + © | 9. T. lecithinolyticum 
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d = = = = _ E m = 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive. 


"Results from Wyss et al. (1996). Other results are from the defining publications. 


and Dewhirst, 2000) and the available mol% G+C data indi- 
cate that the genus Treponema is an ancient, diverse phyloge- 
netic group. There are instances where Treponema with high 
16S rRNA similarity are from the same environment (e.g., 
Treponema primitia and Treponema azotonutricum from termite 
guts), and others where organisms with 16S rRNA relatedness 
are from different environments (e.g., Treponema berlinense 
from porcine intestinal tract and Treponema pectinovorum from 
human gingival crevices) (Figure 93). These results suggest 
that some Treponema strains may have “jumped” from one 
environment to another during evolution. Analyses of oral 
treponeme strains (Paster et al., 1998) from the Smibert col- 
lection indicate the difficulty in reconciling 16S rRNA and 
phenotypic data (such as fatty acid content), and the impor- 
tance of using more global genotyping approaches, including 
DNA-DNA reassociation studies, for distinguishing phylotypes 
with 298% 16S rRNA sequence identity. 

As noted in the chapter on Spirochaeta, three species of Spi- 
rochaeta, namely Spirochaeta stenostrepta, Spirochaeta zuelzerae, 
and Spirochaeta caldaria, belong with members of the genus 
Treponema rather than with other “free-living” Spirochaeta as 
indicated by 16S rRNA phylogeny (Figure 93) and single-base 
signature analysis (Paster et al., 1991). There has been no for- 
mal renaming, so they are described in the Spirochaeta chapter. 
As previously discussed, these "free-living" spirochetes may be 
descendants of precursors of hostassociated treponemes or 


may have been disseminated via fecal contamination (Paster 
et al., 1991). 

Intestinal spirochetes previously classified as Treponema 
hyodysenteriae and. Treponema innocens have been reclassified as 
species of Brachyspira. 


Further reading 


Additional information regarding the genus Treponema is avail- 
able in several recent books (Cabello et al., 2006; Radolf and 
Lukehart, 2006; Saier and Garcia-Lara, 2001), book chapters 
(Norris et al., 2003; Pope et al., 2006), and reviews (Antal 
et al., 2002; Cullen and Cameron, 2006; LaFond and Luke- 
hart, 2006; Norris et al., 2001; Radolf et al., 1999). 


Differentiation of the genus Treponema from other closely 
related genera 


Characteristics useful for distinguishing Treponema from the 
other members of the family Spirochaetaceae are indicated in the 
key to the family. In terms of the pathogenic genera, Borrelia 
species are also host-dependent, but utilize arthropods (ticks 
or lice) as intermediate hosts and transmission agents. They 
are also somewhat larger in diameter and more loosely coiled 
than Treponema, and are facultative anaerobes. Leptospira are 
also associated with mammals, but are capable of surviving for 
prolonged periods in water or soil. They are more tightly coiled 
than either Borrelia or Treponema, and are obligate aerobes. 
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List of species of the genus Treponema*t 


1. Treponema pallidum (Schaudinn and Hoffman 1905) 
Schaudinn 1905, 17284" (Spirochaeta pallida Schaudinn and 
Hoffman 1905, 528) 


pal'li.dum. L. neut. adj. pallidum pale, pallid. 


Tightly coiled, «0.18 um in diameter by 6-20 um in 
length. The wavelength of coils is 1.1 um and the amplitude 
is 0.2-0.3 um. The ends of the cells are pointed, and a pro- 
trusion of the outer membrane at the end is often visible 
in well-preserved specimens by electron microscopy with 
negative staining (Figure 94). Two to four periplasmic fla- 
gella are inserted into each end of the cell, and overlap in 
the middle of the cell. Motile with graceful flexuous move- 
ments. Microaerophilic, with an optimal O, concentration 
in the range of 1-596. 

Obligate pathogens of humans. Can cause experimen- 
tal infection and skin lesions in rabbits, guinea pigs, ham- 
sters, and primates (Table 126). Sequence comparisons and 
DNA/DNA hybridization indicates that close to 100% DNA 
homology exists between the Treponema strains that cause 
syphilis, yaws, and endemic syphilis (Maio and Fieldsteel, 
1980). Therefore, these organisms are considered subspe- 
cies of Treponema pallidum with distinctive clinical symptoms 
in humans and different patterns of infection in laboratory 
animals (Table 126). The subspecies can be distinguished 
by PCR and RFLP analysis of the tpp15, tprC, and tprl genes 
(Centurion-Lara et al., 1998, 2006). 

Source: humans. 

DNA G+C content (mol96): 52.4—53.7 (T). 

Type strain: none designated. 


la. Treponema pallidum subsp. pallidum (Schaudinn and 
Hoffman 1905) Schaudinn 1905, 1728, subsp. nov. 


The morphology and characteristics are as described for 
the species and as listed in Table 126. Treponema pallidum 
subsp. pallidumis the cause of venereal and congenital syph- 
ilis in humans. It has not been cultivated continuously in 
artificial media or in tissue culture. Propagated by intrates- 
ticular inoculation of rabbits. 

Successful replication of Treponema pallidum subsp. pallidum 
(virulent Nichols strain) has been reported to occur on the 
surface of tissue culture cells of cottontail rabbit epithelium 
(Sf1EP) growing in a monolayer in an atmosphere of 1.5% O,. 
A 49-fold increase (mean value) in cell numbers was reported 
in primary cultures of Treponema pallidum, but increased or pro- 
longed multiplication with subculture has not been obtained 
to date (Cox, 1994; Fieldsteel et al., 1981; Norris and Edmond- 
son, 1987). Treponema pallidum cells show rapid attachment to 
cultured mammalian cells (Fitzgerald et al., 19772; Hayes etal., 
1977). Proteins that bind to the host extracellular matrix pro- 
teins laminin and fibronectin have been identified (Cameron, 
2003, 2004, 2005). 


*The 16S rRNA sequences of Spirochaeta stenostrepta, Spirochaeta zuelzerae, and Spi- 
rochaeta caldaria (described in the section on Spirochaeta) are most similar to those 
of members of the genus Treponema (Figure 93). 

T Treponema pallidum, Treponema carateum, and Treponema paraluiscuniculi have not 
been cultivated continuously in vitro. The other species are anaerobes and have 
been cultivated; their characteristics are provided in Table 127, Table 128, and 
Table 129. 


lb. 


Obligate pathogen of humans. Strains such as the Nichols 
pathogenic strain are propagated by intratesticular inocula- 
tion of rabbits. Cutaneous inoculation of rabbits produces 
skin lesions. Cutaneous inoculation of hamsters, mice, 
and guinea pigs produces no apparent infection or visible 
lesions. A slight lesion is occasionally seen at the point of 
injection of guinea pigs. 

Microaerophilic. Survives in artificial media or tissue cul- 
ture longest when incubated in an atmosphere of 1-5% O, 
(Cox, 1994; Fieldsteel et al., 1977; Fitzgerald et al., 1977b, 
1980; Norris et al., 1978; Sandok et al., 1978). Glucose is 
metabolized by way of the Embden-Meyerhof-Parnas and 
hexose monophosphate pathways (Schiller and Cox, 1977). 
Oxygen uptake by Treponema pallidum has been reported 
andis glucose-dependent (Barbieri and Cox, 1981; Cox and 
Barber, 1974). Oxidation of pyruvate occurs only when oxy- 
gen is present (Barbieri and Cox, 1979). Major fermenta- 
tion products of glucose are acetate and CO, (Nichols and 
Baseman, 1975). 

Isolated from human patients with syphilis. The refer- 
ence Nichols pathogenic strain was isolated from the cere- 
brospinal fluid of a patient with neurosyphilis (Nichols and 
Hough, 1913). Shows 100% DNA/DNA homology by satu- 
ration reassociation with Treponema pallidum subsp. pertenue 
(Gauthier strain) but no significant DNA-DNA reassocia- 
tion with Treponema phagedenis or Treponema refringens (Maio 
and Fieldsteel, 1978, 1980). 

Source: human patients with syphilis. 

DNA G+C content (mol96): 52.8 (genome sequence); 
52.4-53.7 (T). 

Type strain: none designated. 

Reference strain: Nichols pathogenic. 

Sequence accession no. (16S rRNA gene): M88726. 


Treponema pallidum subsp. pertenue (Castellani 1905) 
subsp. nov. (Spirochaeta pertenius Castellani 1905, 54) 


per.te.nu'e. L. neut. adj. pertenue very thin, slender. 


The morphology and characteristics as described for the 
species and as listed in Table 126. Pathogenic to humans. 
Causes yaws in humans, a contagious disease that is spread 
by skin-to-skin contact. Treponema pallidumsubsp. pertenuehas 
not been cultivated in artificial media or in tissue culture. 
Cutaneous lesions are produced at the point of inoculation 
in rabbits and Syrian hamsters, but not in guinea pigs. Sera 
from patients with yaws give positive results with serologic 
tests for syphilis. Attachment of Treponema pallidum subsp. 
pertenueto five different mammalian cell lines was compared 
to that of Treponema pallidum subsp. pallidum (Fieldsteel 
et al., 1979). Treponema pallidum subsp. pertenue attached to 
all five cell lines, as did Treponema pallidum subsp. pallidum. 
No preferential attachment was found with Treponema pal- 
lidum subsp. pertenue for nude mouse ear and cottontail rab- 
bit epithelial (Sf1Ep) cells, but preferential attachment did 
occur with Treponema pallidum subsp. pallidum. 

Inbred hamsters (LSH/Ss LAK) infected with Treponema 
pallidumsubsp. endemicum (Bosnia A strain) were resistant to 
reinfection with both Treponema pallidum subsp. pertenue and 
Treponema pallidum subsp. pallidum (Schell et al., 1980). 

Treponema pallidum subsp. pertenue (Gauthier strain) 
shows 100% DNA homology to Treponema pallidum (Nichols 
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and KKJ strains) and no homology to Treponema phagedenis and 
Treponema refringens by DNA-DNA hybridization (Maio and 
Fieldsteel, 1980). 

Source: Lesions from cases of yaws. Present in tropical 
areas of Africa, Southeast Asia, the Western Pacific Islands, 
and South and Central America (Antal et al., 2002). 

DNA G+C content (mol % ): 52-53.7 (T). 

Type strain: none designated. 

Reference strains: Gauthier or Haiti B. 

Sequence accession no. (16S rRNA gene): AF42610. 


Treponema pallidum subsp. endemicum subsp. nov. 


en.de'mi.cum. N.L. neut. adj endemicum (from Gr. adj. endé- 
mos -on native, dwelling in place), endemic. 


The morphology and characteristics are as described for 
the species and as listed in Table 126. Pathogenic to humans. 
The cause of nonvenereal endemic syphilis in humans, a 
contagious disease spread in pre-pubertal years by contact 
with infected individuals or shared use of contaminated 
utensils. Treponema pallidum subsp. endemicum has not been 
successfully cultivated in artificial media or tissue culture. 
Propagated by intratesticular inoculation of rabbits or by 
intradermal inoculation of hamsters. The organisms can be 
isolated from inguinal lymph nodes 3-4 weeks after intrad- 
ermal infection. Inbred hamsters (e.g., LSH/Ss LAK) are 
particularly useful for study of this organism (Schell et al., 
1980). Produces cutaneous lesions in rabbits, hamsters, and 
guinea pigs but not in mice. 

Sera from patients with nonvenereal epidemic syphilis 
give positive results with serologic tests for syphilis. 

This subspecies was created (Smibert, 1984) because the 
organism is considered a variant of Treponema pallidum and 
has its own clinical symptoms in human infection as well as 
the ability to infect and produce skin lesions in different 
laboratory animals, as does the organism of venereal syphi- 
lis (Table 126). 

Source: lesions from patients with nonvenereal endemic 
syphilis. Found in semi-arid areas of Africa, the Middle East, 
and some areas of Southeast Asia. 

DNA G+C content (mol96): not determined. 

Type strain: none designated. 

Reference strain: Bosnia A. 

Sequence accession no. (16S rRNA gene): not determined. 


. Treponema amylovorum Wyss, Choi, Schüpbach, Guggen- 


heim and Gobel 1997, 844V* 


a.my.lo.vo'rum. Gr. n. amylum starch; N.L. neut. adj. vorum 
(from L. v. voro to devour), devouring; N.L. neut. adj. amylo- 
vorum starch-devouring. 


Treponema amylovorum is an intermediate-sized, obligately 
anaerobic, helically coiled, motile treponeme (Wyss et al., 
1997). The type strain HA2PT was isolated from subgingi- 
val plaque of a deep human periodontal lesion. The cells 
are approximately 0.25 um in diameter and 7 um in length, 
with a wavelength of ~1.2 um and an amplitude of ~0.3 um. 
They have six periplasmic flagella (three at each end of 
the cell) that overlap in the center of the cell (i.e., flagel- 
lar arrangement of 3:6:3). In liquid media of low viscosity, 
cells exhibit active cellular rotation and jerky flexing but no 
directional motility. However, in media of higher viscosity or 


when cells creep along the surface, they exhibit slow transla- 
tional movement. Cells can be stored at temperatures below 
-70°C in medium supplemented with 10-20% glycerol. 

When streaked onto OMIZ-Pat/HuS agarose plates 
(Wyss et al., 1997), Trebonema amylovorum forms dense, off- 
white, subsurface colonies up to 3 mm in diameter within 
5 d of inoculation. Treponema amylovorum does not grow in 
chemically defined OMIZ-W1 medium and requires the 
addition of yeast extract and/or Neopeptone (or fractions 
thereof). Addition of 176 human serum is highly stimula- 
tory, whereas fetal bovine serum or higher concentrations 
of human serum are inhibitory. Growth of strain HA2PT 
is accompanied by acid production as detected by phenol 
red indicator in the medium, and strictly depends on the 
presence of at least one of the following carbohydrates: 
D-glucose, maltose, starch, or glycogen. Acid is produced 
from these carbohydrates. None of the other carbohydrates 
tested (at a concentration of 2 g/l) support growth; these 
carbohydrates include b-arabinose, p-cellobiose, D-fructose, 
D-fucose, D-galactose, p-galacturonic acid, p-glucuronic acid, 
D-actose, D-mannitol, D-mannose, D-melibiose, p-ribose, 
D-sucrose, D-trehalose, D-xylose, r-arabinose, r-fucose, 
L-rhamnose, L-sorbose, and L-xylose. Following the expo- 
nential growth phase, with an estimated doubling time of 
less than 4 h, cells of HA2P" rapidly lose viability and dis- 
integrate into small vesicles. Catalase-negative. With API 
ZYM strips, the only (weak) enzyme activities detected in 
cells grown on glucose are alkaline and acid phosphatases, 
naphtholphosphohydrolase, C4 esterase, and a-fucosidase. 
In cells grown on either maltose, starch, or glycogen, weak 
a-glucosidase activity is also detected. Strain HA2PT is resis- 
tant to 1 mg/l rifampicin and 100 mg/l phosphomycin. 

On the basis of a phylogenetic comparison of 16S rRNA 
sequences, Treponema amylouorum is a species that is genetically 
distinct from previously described treponemes. Its SDS-PAGE 
protein and antigen profiles and its Western blot profile are 
readily distinguished from those of other cultivable, oral 
Treponema species. Furthermore, size and flagellation, as well 
as rapid flexing motility, clearly distinguish Treponema amylovo- 
rumfrom other treponeme species, such as Treponema denticola, 
Treponema maltophilum, Treponema pectinovorum, and Treponema 
socranskit. In contrast to the growth of the two asaccharo- 
lytic oral species, Treponema denticola and Treponema vincenti, 
growth of strain HA2P" is strictly carbohydrate-dependent, 
and the range of carbohydrates utilized is clearly distinct from 
the range of carbohydrates utilized by Treponema maltophilum, 
Treponema pectinovorum, and Treponema socranskii. 

Source: subgingival crevice of humans. 

DNA G+C content (mol % ): not determined. 

Type strain: HA2P, ATCC 700288. 

Sequence accession no. (16S rRNA gene): Y09959. 


. Treponema azotonutricium Graber, Leadbetter and Breznak 


2004, 1319” 


a.zo.to.nu.tri’ci.um. N.L. neut. n. azotum (from Fr. azote), 
nitrogen; L. neut. adj. nutricium nourishing; N.L. neut. adj. 
azolonutricium nourishing with nitrogen (symbiotic dinitro- 
gen fixation). 


Cells 0.2-0.3 um in diameter by 10-12 um in length, 
with a wavelength or body pitch of 1.2 um. Motile by 
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two periplasmic flagella, inserted at opposite ends of the 
protoplasmic cylinder. Anaerobe. Catalase-negative. Yeast 
autolysate required for growth. Optimum temperature 
for growth is 30°C. Energy sources utilized for fermenta- 
tive growth include p-glucose, p-fructose, p-ribose, p-xylose, 
D-maltose, and cellobiose. Maltose is fermented to acetate, 
ethanol, CO,, and H, as major products. p-Mannitol, p-and 
L-arabinose, p-sucrose, p-trehalose, glycine, lactate, pyru- 
vate, uric acid, and H, (plus CO,) are not utilized. Exhibits 
nitrogenase activity and N,-dependent growth in media low 
in combined N. Genome is 3901 kb and contains 50.0 mol% 
G+C and two rrs gene copies. Nucleotide sequence of the 
16S rRNA places this spirochete within the “termite cluster” 
of the genus Treponema. 

Source: hindgut contents of the Pacific dampwood termite 
Zootermopsis angusticollis (Hagen) (Isoptera: Termopsidae). 

DNA G+C content (mol % ): 50 (T). 

Type strain: ZAS-9, ATCC BAA-888, DSM 13862. 

Sequence accession no. (16S rRNA gene): AF320287. 


. Treponema berlinense Nordhoff, Taras, Macha, Tedin, 
Busse and Wieler 2005, 1678" 


ber.li.nen'se. N.L. neut. adj. berlinense pertaining to Berlin, 
Germany, where the type strain was isolated. 


Cells show typical spirochete morphology exhibiting 
two to three windings with two periplasmic, subterminally 
inserted flagella (Nordhoff et al., 2005). Cells are approxi- 
mately 0.3 um in width and 6 um in length. Strictly anaero- 
bic. Good growth is observed in liquid OMIZ-Pat medium 
at 37°C supplemented with 10% (v/v) BHI and 10% (v/v) 
TSYE. On OMIZ-Pat agar plates (1-396, w/v) supplemented 
with 596 (v/v) sheep blood, 1096 (v/v) BHI, and 1096 
(v/v) TSYE, species form small, irregular, grayish swarms 
up to 1-2 mm in diameter, visible after 3-4 d. Addition of 
galacturonic or glucuronic acid promotes growth, which 
is enhanced further by addition of any of the following 
carbohydrates: D-glucose, D-fructose, maltose, D-mannitol, 
D-mannose, D-arabinose, L-fucose, D-trehalose, D-sucrose, 
and r-rhamnose. No visible growth is observed with pectin 
as the sole carbon source. Using the API ZYM and Rapid ID 
32A systems, positive enzyme reactions are obtained only 
for acid phosphatase and naphthol-AS-BI-phosphohydro- 
lase. Negative in tests for alkaline phosphatase, esterase C4, 
esterase lipase C8, leucine arylamidase, cystine arylamidase, 
trypsin, a-chymotrypsin, o-galactosidase, f-galactosidase, 
B-glucuronidase, o-glucosidase, B-glucosidase, Nacetyl-B- 
glucosaminidase, o-fucosidase, urease, arginine dihydro- 
lase, o-arabinosidase, mannose, and raffinose, glutamic 
acid decarboxylase, o-fucosidase, arginine arylamidase, 
proline arylamidase, leucyl glycine arylamidase, pheny- 
lalanine arylamidase, leucine arylamidase, pyroglutamic 
acid arylamidase, tyrosine arylamidase, alanine arylami- 
dase, glycine arylamidase, histidine arylamidase, glutamyl 
glutamic acid arylamidase, and serine arylamidase. Reduc- 
tion of nitrates and indole production are not detected. 
The polar lipid profile contains diphosphatidylglycerol, 
phosphatidylethanolamine, an unknown aminophospho- 
lipid, and an unknown highly hydrophobic compound as 
major components. Moderate or minor amounts of phos- 
phatidylglycerol, several unknown aminophospholipids, 


phospholipids, amino lipids, polar lipids, and a glycolipid 
are also present. 

Source: swine feces in Berlin, Germany. 

DNA G+C content (mol% ): not determined. 

Type strain: 7CPL208, ATCC BAA-909, CIP 108244, JCM 
12341. 

Sequence accession no. (16S rRNA gene): AY230217. 


. Treponema brennaborense Schrank, Choi, Grund, Moter, 


Heuner, Nattermann and Gobel 1999, 49V" 


bren.na.bo.ren'se. N.L. neut. adj. brennaborense of or belong- 
ing to Brennabor, where the cow was raised from which the 
organism was first isolated. 


Treponema brennaborense is an anaerobic, Gram-stain- 
negative, helically coiled, motile treponeme that was iso- 
lated initially from a digital dermatitis biopsy of a dairy cow. 
Bacterial cells are 5-8 um long and 0.25-0.55 um wide. 
One periplasmic flagellum originates subterminally at each 
cell pole, and the flagella overlap in the middle of the cell 
(i.e., have a 1:2:1 arrangement). In stationary-phase liquid 
cultures, the bacteria develop spherical forms. In liquid 
culture, the bacteria exhibit rotational movement. Growth 
of strain DD5/3' is accompanied by acid production. The 
optimum growth temperature is 37°C and maximum cell 
density of approximately 8x10? bacteria per ml is reached 
after 21 h incubation. Cells can be stored frozen (-80*C) in 
OMIZ-Pat medium (Wyss et al., 1996) supplemented with 
1596 (v/v) glycerol. On semi-solid agarose plates, Treponema 
brennaborense forms diffuse, submersed white colonies up 
to 3 mm in diameter within 5-d incubation. Strain DD5/3T 
ferments raffinose and mannose and exhibits the enzyme 
activities alkaline phosphatase, C, esterase, C, esterase 
lipase, acid phosphatase, naphtholphosphohydrolase, 
P-galactosidase, o-glucosidase, Macetyl-B-glucosaminidase, 
and arginine arylamidase, as determined by the API ZYM 
and Rapid ID 32A systems. Catalase-negative. The addition 
of 2-10% (v/v) rabbit serum leads to decreased growth rate. 
The strain is resistant to rifampicin (1 mg/l) and phospho- 
mycin (100 mg/l). 

All previously described treponemes are genetically dis- 
tinct from Treponema brennaborense as determined by com- 
parative 16S rRNA sequencing. Treponema brennaborense is 
clearly distinguished by its morphology, protein pattern, 
and enzyme activities from the other cultivable Treponema 
species. Furthermore Treponema brennaborense is distinguish- 
able from Treponema maltophilum by the presence of N-acetyl- 
B-glucosaminidase activity and its lack of o-galactosidase 
activity. Treponema brennaborense is clearly distinguishable 
from veterinary isolate 1-9185MED by its lack of trypsin and 
chymotrypsin activities. 

Source: a digital dermatitis biopsy of a dairy cow in 
Brandenburg, Germany. 

DNA G+C content (mol % ): not determined. 

Type strain: DD5/3, CIP 105900, DSM 12168. 

Sequence accession no. (16S rRNA gene): Y16568. 


. Treponema bryantii Stanton and Canale-Parola 1981, 676" 


(Effective publication: Stanton and Canale-Parola 1980, 145). 


bry.an'ti.i. N.L. masc. gen. n. bryantii of Bryant, named after 
Marvin P. Bryant. 
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Helical obligate anaerobe, 3-8 um long and 0.3 um wide. 
One periplasmic flagellum is inserted at each end of the cell. 
No translational motility occurs at 22°C. Motile at 37°C. 
Requires CO,. Grows in chemically defined reduced 
medium containing isobutyrate, DL-2-methyl butyrate, pyri- 
doxal, folic acid, niacinamide, biotin, thiamine, glucose, CO,, 
salts, and ammonium sulfate (Stanton and Canale-Parola, 
1981). Riboflavin is stimulatory. In 0.7% Noble agar (Difco), 
cells form colonies in agar deeps, which are spherical and 
white (resembling cotton balls), and 0.5-1.0 mm in diameter 
after 24—36 h incubation, and eventually reach 2-3 mm in 
diameter. Growth in broth medium containing rumen fluid, 
glucose, and sodium bicarbonate yields 1.9x10? cells/ml. Does 
not utilize gluconate, succinate, acetate, formate, fumarate, 
sugar alcohols, or Tween 80. Grows in a medium containing 
cellulose and a cellulolytic bacterium such as Bacteroides suc- 
cinogenes or Ruminococcus albus. No growth at 22 or 45°C. 

End products of glucose fermentation (umol/100 umol 
of glucose and 84 umol of CO, utilized) are acetate, 100; 
formate, 119; and succinate, 53. About 15% of glucose car- 
bon is assimilated. 

Growth is inhibited by penicillin (10 U disk), cephalothin 
(30 pg disk), tetracycline (30 pg disk), chloramphenicol 
(30 pg disk), erythromycin (15 pg disk), and vancomycin 
(30 pg disk), slightly inhibited by polymyxin B (100 U/ 
disk), and not inhibited by rifampicin (5 pg disk or up to 
10 mg/l in broth medium). 

Source: bovine rumen contents. 

DNA G+C content (mol % ): 361 (T^). 

Type strain: RUS-1, ATCC 33254, DSM 1788. 

Sequence accession no. (168 rRNA gene): M57737. 


7. Treponema carateum (ex Brumpt 1939) sp. nov., nom. rev. 


ca.ra'te.um. N.L. n. caratename of a South American disease, 
pinta; N.L. neut. adj. carateum of carate. 


The cause of pinta or carate, a contagious disease of man 
transmitted by skin-to-skin contact. Morphologically similar 
to Treponema pallidum. Virulent strains have not been grown 
¿n vitro. Experimental transmission of the disease has been 
accomplished in man as well as in chimpanzees by intrader- 
mal inoculation and by direct exposure of scarified areas of 
skin to abraded human lesions. Has not been propagated 
successfully in rabbits, hamsters, or guinea pigs. 

Source: exudate of cutaneous lesions of pinta. Occurs only 
in Mexico, Central America and parts of subtropical South 
America, the West Indies, and Cuba. 

DNA G+C content (mol96): not determined. 

Type strain: none designated. 

Sequence accession no. (168 rRNA gene): not determined. 


. Treponema denticola (ex Brumpt 1922a) Chan, Siboo, 
Keng, Psarra, Hurley, Cheng and Iugovaz 1993, 201% 


den.ti'co.la. L. masc. n. dens, dentis tooth; L. suff. cola from L. 
n. incola inhabitant dweller; N.L. n. denticola tooth-dweller. 


A small to intermediate-sized spirochete. Many charac- 
teristics are listed in Tables 127 and 129. A 2:4:2 periplasmic 
flagellar arrangement is common, but Treponema denticola 
strains with higher numbers of flagella have been found. 
Cells are motile with a jerky, but fairly rapid motion. Cells 
are typically 7.74+0.94 um in length, 0.20:0.02 um in 
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diameter, with a wavelength and amplitude of 1.23+0.15 um 
and 0.50+0.05 um, respectively. 

The organism grows well in a peptone-yeast extract- 
serum medium [e.g., New Oral Spirochete (NOS) medium; 
Leschine and Canale-Parola, 1980b) under anaerobic con- 
ditions. Surface and subsurface colonies are 0.3-1.0 mm 
in diameter, white, diffuse, and visible after 2 weeks incu- 
bation. Treponema denticola is primarily an amino acid fer- 
menter and does not use the glycolytic pathway as a major 
source of energy, although it possesses genes encoding all 
of its enzymes (Seshadri et al., 2004). Amino acids in pep- 
tone-yeast extract-serum medium are fermented mainly to 
acetic acid, and to a lesser extent, lactic acid, succinic acid, 
and formic acid. Trace amounts of propionic acid, n-butyric 
acid, ethanol, n-propanol, and n-butanol may occasionally 
be found. Only 10% of the end products are from glucose. 
Alanine, cysteine, glycine, and serine are fermented. Argi- 
nine is metabolized to citrulline, NH,, CO,, proline, and 
small amounts of ornithine. Arginine iminohydrolase and 
ornithine carbamoyltransferase activity have been reported 
(Blakemore and Canale-Parola, 1976). Arginine can be an 
energy source and ornithine can be converted to putrescine 
and proline (Leschine and Canale-Parola, 1980a). 

Treponema denticola ATCC 35405" (Cheng et al., 1985) 
exhibits 76% DNA homology with Treponema denticola 
33520 and 82% DNA homology with Treponema denticola 
ATCC 35404 (Chan et al., 1993). The genome sequence of 
Treponema denticola 35405" has been determined (Seshadri 
et al., 2004). Treponema denticola ATCC 35405! is susceptible 
to the antimicrobial agents spiramycin, metronidazole, tetra- 
cycline, penicillin G, and streptomycin but highly resistant to 
rifampicin (minimum inhibitory concentration, 50 mg/l). 

Subdivided into biovar denticola (indole-positive) and 
biovar comondonii (indole-negative) (Smibert, 1984). 

Methyl red-negative. Chopped meatserum medium is 
neither blackened nor digested. No action on milk. Growth 
occurs at pH 6.5-8.0 but not at pH 6.0 or 9.6, and at 30-42*C; 
multiplication is minimal or absent at 25 and 45°C. 

Source: oral cavity of humans and, perhaps, chimpanzees, 
typically from subgingival plaque. 

DNA G+C content (mol % ): 37.9 (genome sequence). 

Type strain: ATCC 35405, CIP 103919, DSM 14222, JCM 
8153. 

Reference strains: ATCC 33520, ATCC 35404. 

Sequence accession nos (16S rRNA gene): AF017226 (nt 
610211-611726 and 1219839-1221354). 


. Treponema lecithinolyticum Wyss, Choi, Schüpbach, Moter, 


Guggenheim and Göbel 1999, 1337? 


le.ci.thi.no.ly'ti.cum. Gr. n. lekithos egg yolk; Gr. adj. lutikos 
é -on able to loosen, dissolve; N.L. neut. adj. lecithinolyticum 
effecting the breakdown of egg yolk. 


An obligately anaerobic, helically coiled, motile 
treponeme. Cells are approximately 5x0.15 um, with a wave- 
length of 0.7 um and an amplitude of 0.3 um. They contain 
two periplasmic flagella, one originating at each end and 
overlapping in the center of the cell. In liquid media, the 
cells flex and rotate but motility is not directional. However, 
in media of higher viscosity, or when cells creep along a 
surface, motility is directional. 
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Since dipalmitoyl phosphatidylcholine (lecithin) inhibits 
growth, it is omitted from OMIZ-Pat medium (Wyss et al., 
1996) (yielding OMIZ-Pat-w/oPC). When streaked onto 
OMIZ-Pat-w/oPC agarose, Treponema lecithinolyticum forms 
off-white, diffuse subsurface colonies up to 3 mm in diam- 
eter within 7 d incubation at 37°C. Does not grow in the 
chemically defined medium OMIZ-W1 (Wyss, 1992) but 
requires addition of yeast extract and/or Neopeptone (or 
fractions thereof). Cells can be stored frozen (liquid nitro- 
gen or mechanical freezer) in OMIZ-Pat-w/oPC medium 
supplemented with 10-20% glycerol. Growth is strictly 
dependent on Macetylglucosamine, strongly enhanced by 
further addition of p-arabinose, L-fucose, or p-ribose, p-fruc- 
tose (some strains excluding OMZ 6847), and/or p-xylose 
(some strains including OMZ 6847), and not influenced by 
L-arabinose, p-cellobiose, p-fucose, D-galactose, D-galactur- 
onic acid, D-glucose, D-glucuronic acid, D-lactose, maltose, 
p-mannitol, p-melibiose, L-rhamnose, L-sorbose, sucrose, 
p-trehalose, or p-xylose. Heat-inactivated human serum (1% 
v/v) is tolerated or stimulatory, whereas 1% fetal bovine 
serum is completely inhibitory. All strains are resistant to 
rifampicin (1 mg/l) and phosphomycin (100 mg/l). 

In all eight isolates examined (Wyss et al., 1999), activities 
of alkaline phosphatase, acid phosphatase, f-galactosidase, 
B-glucuronidase, Macetyl-f-glucosaminidase, phospholi- 
pase A, and phospholipase C are prominent, whereas only 
intermediate activities of C4-esterase, C8-esterase, naphthol 
phosphohydrolase, and a-fucosidase are expressed. Cata- 
lase-negative. OMZ 684", OMZ 685, and BL2B have strong 
sialidase activity (the other five strains were not tested). 

Phylogenetically distinctfrom other cultivable treponemes 
on the basis of its 16S rRNA sequence. Protein and anti- 
gen patterns (SDS-PAGE) are also readily distinguished 
from those of other cultivable treponemes, though more 
conventional criteria may suffice to distinguish it from the 
other characterized oral spirochetes. Simultaneous expres- 
sion of strong activities of phospholipase C, phospholipase 
A, alkaline phosphatase, acid phosphatase, -galactosidase, 
P-glucuronidase, N-acetyl-B-glucosaminidase, and sialidase 
and intermediate activities of C4-esterase, C8-esterase, 
naphthol phosphohydrolase, and a-fucosidase distinguish 
Treponema lecithinolyticum from all other oral spirochetes. 
Size, flagellation, and growth characteristics additionally 
distinguish it from Treponema amylovorum, Treponema den- 
licola, Treponema medium, and Treponema vincentii. Finally, 
Treponema lecithinolyticum is phenotypically distinguished 
from the two other lecithinolytic isolates described by Wyss 
et al. (1999) (i.e., OMZ 702 and BL2A, which are phylo- 
genetically classified as Treponema maltophilum) by its SDS- 
PAGE protein profile, a ~30-kDa antigen, and activities of 
phospholipase A, sialidase, b-glucuronidase, and N-acetyl- 
P-glucosaminidase. 

Source: Only in human subgingival plaque, with a strong 
association suggested for diseased versus control sites in 
patients with adult periodontitis and rapidly progressive 
periodontitis. Strains OMZ 684" and OMZ 685 were iso- 
lated from subgingival plaque of human deep periodontal 
lesions. 

DNA G+C content (mol96): not determined. 

Type strain: OMZ 684, ATCC 700332, CIP 107075. 


Reference strains: OMZ 685, ATCC 700333. 
Sequence accession no. (16S rRNA gene): AJ131282. 


10. Treponema maltophilum Wyss, Choi, Schüpbach, Guggen- 


heim and Gobel 1996, 751’? 


mal.to’phi.lum. N.L. n. maltosum maltose; Gr. adj. philos é-on 
loving, friendly to; N.L. neut. adj. maltophilum intended to 
mean maltose-loving. 


An obligately anaerobic, helically coiled, motile 
treponeme (5 um long, 0.2 um wide with a wavelength of 
0.7 um and an amplitude of 0.3 um) isolated from human 
subgingival plaque (Wyss et al, 1996). One periplasmic 
flagellum originates at each end, overlapping in the cen- 
ter of each cell in a 1:2:1 arrangement. In low-viscosity 
liquid media, cellular rotation produces standing waves 
with amplitudes of up to 2 um, but this results in no direc- 
tional motility. Translational movement, however, occurs in 
higher-viscosity media or when cells creep along a surface. 

Cells can be stored frozen in liquid nitrogen or in a 
mechanical freezer in OMIZ-Pat (Wyss et al., 1996) supple- 
mented with 10-20% glycerol. 

On OMIZ-Pat agarose, off-white diffuse subsurface colo- 
nies (up to 3 mm in diameter) form within 5 d. 

Treponema maltophilum does not grow in OMIZ-W1 and 
requires yeast extract and/or Neopeptone. Growth of most 
strains is strictly dependent on Nacetyl-p-glucosamine and 
at least one additional sugar. The most commonly used sec- 
ond sugars are D-arabinose, L-fucose, D-maltose, L-rhamnose, 
D-ribose, D-sucrose, and p-trehalose, but not D-glucose, which 
is totally ineffective. Some strains without a-fucosidase activ- 
ity may not depend on Macetyl-B-glucosamine. Growth is not 
influenced by p-cellobiose, D-fucose, D-lactose, D-mannitol, 
L-sorbose, or L-xylose. Fetal bovine serum at concentrations 
as low as 0.1% (v/v) prevents growth in OMIZ-Pat. Catalase- 
negative. API ZYM strips detected alkaline phosphatase, 
acid phosphatase, naphtholphosphohydrolase, C4 esterase, 
C8 esterase, and a-glucosidase activities in all strains, a- 
and f-galactosidase, B-glucosidase, and a-fucosidase activi- 
ties in most strains, and a-fucosidase and f-glucuronidase 
activities in some strains. Strains with f-glucuronidase 
activity can grow on glucuronic acid. Immunoblotting 
with patient sera revealed an antigen only in strains with 
a-fucosidase activity. All strains examined are resistant to 
rifampicin (1 mg/l) and phosphomycin (100 mg/1). The 
type strain BR" (a-fucosidase activity but no f-glucuroni- 
dase activity) differs markedly from reference strains HO2A 
(B-glucuronidase activity but no a-fucosidase activity) and 
PNAI (neither o-fucosidase activity nor p-glucuronidase 
activity) (Wyss et al., 1996). 

Phylogenetically distinct from previously described 
treponemes as determined by comparison of 16S rRNA 
sequences. Its protein and antigen patterns on SDS-PAGE 
differ from those of other cultivable treponemes. clearly 
distinguish Treponema maltophilum differs from Treponema 
vincentii on the basis of size, morphology, enzyme activities, 
and growth characteristics, from the asaccharolytic organ- 
ism Treponema denticola by its lack of trypsin activity, from 
Treponema pectinovorum by its lack of a requirement for either 
glucuronic acid or galacturonic acid, and from Treponema 
socranskii by synthesis of a wide spectrum of glycosidases and 
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utilization of a wide spectrum of carbohydrates. o-Glucosidase 
activity is characteristic of Treponema maltophilum and has 
never been observed in Treponema socranskii, although many 
strains of this species can ferment maltose. 

Source: only in subgingival plaque samples of patients 
with periodontal disease. 

DNA G+C content (mol96): not determined. 

Type strain: BR, ATCC 51939, CIP 105146. 

Reference. strains: HO2A (ATCC 51940), PNA1 (ATCC 
51941). 

Sequence accession no. (16S rRNA gene): X87140. 


Treponema medium Umemoto, Nakazawa, Hoshino, Oka- 
da, Fukunaga and Namikawa 1997, 71V* 


me'di.um. L. neut. adj. medium not very great or small, 
medium, referring to the cell size. 


A Gram-stain-negative, anaerobic, motile, helically 
coiled, medium-sized treponeme. The cells (5-16 um long 
and 0.2-0.3 um wide) have cytoplasmic filaments and 5-7 
periplasmic flagella (axial flagella) that originate subtermi- 
nally at each end and in broth cultures exhibit rotational 
and translational movement. The optimum growth tem- 
perature is 37°C, and colonies on agar plates are white 
and translucent. Ferment D-glucose, D-fructose, maltose, 
D-mannose, D-galactose, sucrose, D-ribose, trehalose, inulin, 
salicin, and p-raffinose. Produce ammonia and hydrogen 
sulfate and hydrolyze esculin and hippuric acid. The major 
acid products of strain G7201T grown in tryptone-yeast 
extract-gelatin-volatile fatty acids-serum (TYGVS) medium 
(Ohta et al., 1986) containing 0.196 glucose are acetic acid, 
n-butyric acid, and a trace of mwaleric acid. Phenotypic 
characteristics, DNA-DNA hybridization data, G+C content 
of the DNA, and 16S rRNA gene sequence data indicate 
that human oral spirochete strain G7201" is a member of a 
novel species. 

Source: subgingival plaque of patients with adult perio- 
dontitis. 

DNA G+C content (mol % ): 51 (HPLC). 

Type strain: G7201. 

Sequence accession no. (16S rRNA gene): D85457. 


Treponema minutum Dobell 1912, 117^- 
mi.nu'tum. L. neut adj. minutum small, tiny. 


Many characteristics are listed in Table 127. Two to three 
periplasmic flagella are inserted into each end of the cell. 
Motile with sluggish movement. Colonies on prereduced 
peptone-yeast extractserum agar (1.496) are visible in 
9-15 d, and are 0.5-1 mm in diameter, white, and round on 
the agar surface. Some colonies after longer incubation are 
white, fluffy, and up to 1.5 mm in diameter. Colonies grow 
on and below the surface of the medium. Size and texture 
of colonies will vary with the concentration of agar in the 
medium. Grow well in peptone-yeast extract-serum medium 
under anaerobic conditions. Require animal serum (inacti- 
vated at 56-60°C for 1 h) for growth. 

Amino acids in peptone-yeast extract-serum medium 
are fermented to a large amount of acetic acid, moderate 
amount of succinic acid, smaller amount of lactic acid, and 
trace amounts of propionic, n-butyric, and formic acids 
(most strains). Trace amounts of ethanol, n-propanol, and 
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n-butanol are also produced by most strains. There are no 
additional end products in the presence of glucose. 

Methyl red-negative. Skim milk is only slightly curdled. 
Ammonia produced by most strains. Grows at pH 6.5-8.0 
but not at pH 6.0 or 9.6. Grows at 34—40°C. Chopped meat 
serum medium neither blackened nor digested. Slight 
putrid odor. 

Dupouey (1963) reported that Treponema minutum was 
antigenically only slightly related to Treponema refringens. 
Not pathogenic. 

Source: epidermal surfaces of male and female genitope- 
rianal regions. 

DNA G+C content (mol P): 37 (T.). 

Type strain: CIP 5162. 

Sequence accession no. (16S rRNA gene): not available. 


Treponema paraluiscuniculi (Jacobsthal 1920) Smibert 1974, 
177^. (Spirochaeta paraluis-cuniculi Jacobsthal 1920, 571) 


pa.ra.lu.is.cu.ni'cu.li. Gr. pref. para resembling; L. n. lues -is 
pestilences, plague, infection (here syphilis); L. n. cuniculus 
-ia rabbit; N.L. gen. n. paraluiscuniculi of a syphilis-like (dis- 
ease) of rabbits. 

Produces venereal spirochetosis (rabbit spirochetosis 
or rabbit syphilis) in rabbits. Morphologically similar to 
Treponema pallidum. Transmitted by sexual contact. Has not 
been cultivated in vitro. The organism can be propagated 
by intratesticular inoculation of rabbits. Causes a latent 
infection of mice, guinea pigs, and hamsters. Treponemes 
are found in the lymph nodes of these animals. Cutaneous 
lesions are found only in guinea pigs and rabbits. Non- 
pathogenic to humans (Graves and Downes, 1981). 

The cuniculi A strain has been shown to possess homologs 
of tpr genes found in Treponema pallidum, but many are pre- 
dicted to be nonfunctional (Giacani et al., 2004). For addi- 
tional information see Smith and Persetsky (1967). 

Source: lesions in the genital area of rabbits. Primarily 
involves the genitalia, although cutaneous lesions often 
occur around the face, eyes, ears, and nose. 

DNA G+C content (mol% ): not determined. 

Type strain: none has been designated. 

Reference strain: Cuniculi A. 

Sequence accession no. (16S rRNA gene): not determined. 


Treponema parvum Wyss, Dewhirst, Gmür, Thurnheer, 
Xue, Schüpbach, Guggenheim and Paster 2001, 960%" 


par'vum. L. neut. adj. parvum small. 


Small, obligately anaerobic, helically coiled, motile 
treponeme. Approximately 1 um long and 0.18 um wide, 
with a wavelength of 0.8im and an amplitude of 0.3 um. In 
rapidly growing cultures, cells may be shorter than 1 wave- 
length, but chains of more than 10 wavelengths are also 
common. Cells contain two periplasmic flagella, one origi- 
nating at each pole and overlapping in the center of the 
cell in a 1:2:1 arrangement. Although undulation, flexing, 
and rotation of cells occurs in liquid medium, motility does 
not appear to be directional. However, in media of higher 
viscosity or when cells creep along a surface, movement is 
translational. 

Cells can be stored frozen (liquid nitrogen or mechani- 
cal freezer) in OMIZ-Pat/HuS medium supplemented with 
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10-20% glycerol. The four isolates OMZ 832, 8337, 842, and 
843 are strictly carbohydrate-dependent; either Nacetyl-B- 
glucosamine or Macetyl-B-galactosamine is sufficient for 
growth, though growth is strongly promoted by addition of 
L-arabinose, D-galactose, D-glucose, D-fructose, D-mannitol, 
D-mannose, pectin, D-ribose, or D-xylose but not by 
p-arabinose, p-cellobiose, p-fucose, L-fucose, D-galacturonic 
acid, pn-glucuronic acid, p-lactose, D-maltose, p-melibiose, 
L-rhamnose, L-sorbose, p-sucrose, D-trehalose, or L-xylose. 
The chemically complex (undefined) components of 
OMIZ-Pat, i.e., YEM (fractionated yeast extract) and DANP 
(fractionated peptone) (Wyss and Ermert, 1996), are not 
strictly required for growth but are strongly stimulatory. 
Similarly, human serum or FBS are not required but are 
growth-promoting at 1% (v/v). FBS is not inhibitory even 
at 10% (v/v). On OMIZPat/HuS agarose, Treponema parvum 
forms off-white diffuse subsurface colonies up to 3 mm in 
diameter after 5 d of anaerobic incubation at 37°C. The 
four OMZ isolates on API ZYM tests had weak alkaline phos- 
phatase and esterase C, and C, activities, intermediate acid 
phosphatase and naphthol phosphohydrolase activities, 
and strong p-glucuronidase activity. 

Although Treponema parvum and Treponema pectinovorum 
are similar, the former is clearly distinguishable phenotypi- 
cally by the presence of a strong f-glucuronidase activity, 
inability to utilize pectin as sole source of carbohydrate, 
and marked differences in protein and antigen patterns 
revealed by SDS-PAGE. Very short and thin cells, though 
this is not strongly diagnostic, since all cultured treponemes 
show variation in morphology under different growth con- 
ditions. The “Smibert-2” isolates also differ from the 1:2:1 
flagellated pectinolytic treponemes isolated from non- 
human primates by Sela et al. (1987) by virtue of their 
inability to grow on pectin. There are 16S rRNA sequence 
differences between Treponema parvum and other species of 
Treponema, including Treponema pectinovorum. Treponema par- 
vum is the sole representative of Group 7 of oral Treponema 
as defined by Paster et al. (1998). Its closest relatives are 
Treponema pectinovorum (88% similarity) and Treponema amy- 
lovorum (90% similarity). 

Source: OMZ 833" was isolated from subgingival plaque of 
a human deep periodontal lesion. Strain OMZ 842 was iso- 
lated from acute necrotizing ulcerative gingivitis (ANUG) 
lesions of a patient in China. 

DNA G+C content (mol % ): not determined. 

Type strain: OMZ 833, ATCC 700770, DSM 16260. 

Reference strain: OMZ 842, ATCC 700773. 

Sequence accession no. (16S rRNA gene): AF302937. 


Treponema pectinovorum Smibert and Burmeister 1983, 
853" 

pec.ti.no'vo.rum. N.L. n. pectinum pectin; N.L. neut. adj. 
vorum (from L. v. voro to devour) devouring; N.L. neut. adj. 
pectinovorum pectin destroying and devouring. 


Obligately anaerobic, motile helically coiled treponeme. 
The cells are 7-15 um long and 0.28-0.30 um wide. They 
are coiled and usually have straight, slightly pointed ends. 
The periplasmic flagella overlap in the center of the cell in 
a 2:4:2 arrangement. Secondary coils are observed in motile 
cultures. Movement is both rotational and translational. 


Serpentine movement can be observed in a semisolid 
medium. 

In Oral Treponeme Isolation (OTI) medium (Smibert 
and Burmeister, 1983) in bottle plates, colonies usually 
appear in the agar after 4—5 d. Colonies grow into the agar 
and are white and transluscent with slightly denser centers 
and entire edges. The colonies spread out and become 
larger after additional incubation. 

These organisms grow in PY-pectin broth containing 
either rumen fluid or a short-chain fatty acid-heme supple- 
ment. Serum and thiamine pyrophosphate are not required. 
Growth only occurs in the presence of a fermentable energy 
source, such as pectin, polygalacturonic acid, galacturonic 
acid, or glucuronic acid and is greatly stimulated by the 
addition of a fresh filter-sterilized yeast autolysate to the 
medium. Growth occurs at 37°C (optimum) but not at 25 
or 42*C. Broth cultures become turbid with a granular sedi- 
ment that can be seen after 4—5 d of incubation. Cultures 
can be stored frozen in liquid nitrogen or at -85°C in a 
mechanical freezer. 

Pectin (final pH, 5.3-5.9) is utilized. Polygalacturonic 
acid, galacturonic acid, and glucuronic acid are also fermented 
and may be substituted for pectin in PY-rumen fluid broth. 
Growth and acid production occur in PY-rumen fluid broth 
supplemented with either autoclaved or filter-sterilized pec- 
tin. Growth and acid production also occur in PY-rumen 
fluid broth containing 0.5% polygalacturonic acid. The pH 
of this medium is 5.0 after 5 d of incubation at 37°C. 
Adonitol, amygdalin, arabinose, cellobiose, dextrin, starch, 
dulcitol, erythritol, esculin, fructose, galactose, glycerol, glyco- 
gen, inositol, inulin, lactose, glycerol, glycogen, inositol, inu- 
lin, lactose, maltose, mannitol, mannose, melezitose, 
melibiose, mucin, raffinose, rhamnose, ribose, salicin, sor- 
bose, sorbitol, sucrose, trehalose, xylose, and glucose are not 
fermented; no growth occurs in PY-rumen fluid broth con- 
taining any of these substrates. 

Negative for catalase and hydrogen sulfide production. 
Hydrogen gas was not detected by gas chromatography of 
the atmospheric phase of cultures in rubber-stopper sealed 
tubes; gas was not detected in agar deep cultures. Gelatin, 
esculin, glycogen, or starch is not hydrolyzed. Indole and 
acetylmethylcarbinol are not produced. 

The major fermentation products from PY-pectin- 
rumen fluid broth are acetic acid (27.9 mM) and formic 
acid (8.5 mM). Only traces of pyruvic and lactic acids are 
detected. The products from polygalacturonic acid are ace- 
tic acid (39.5 mM) and formic acid (16.7 mM) with only 
traces of lactic and pyruvic acids. 

Distinction from other Treponema species is based on 16S 
rRNA sequence, mol% G+C content, ability to ferment pec- 
tin, polygalacturonic acid, galacturonic acid, and glucuronic 
acid but not other carbohydrates, cellular dimensions, and 
the origin of the two periplasmic flagella attached at each 
end of the cell (Smibert and Burmeister, 1983). 

Source: human supragingival and subgingival plaque 
specimens but not from adults with normal, healthy gingi- 
vae and no signs of gingivitis or periodontitis. 

DNA G+C content (mol % ): 39 (T). 

Type strain: ATCC 33768", VPI D-36DR-2". 

Sequence accession no. (16S rRNA gene): M71237. 
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Treponema phagedenis (ex Brumpt 1922a) sp. nov., 
nom. rev. 


pha.ge.de'nis. Gr. gen. n. phagedenis of a cancerous sore. 


Many characteristics are listed in Tables 127 and 128. 
Widest cells show double contours with darkfield micros- 
copy. Ends of the cells are blunt with no covering sheath. 
Three-to-eight periplasmic flagella are inserted into each 
end of the cell. In old cultures, the flagella may be seen 
trailing from the ends of the cells. 

Motility in culture media is jerky with slow rotational 
movement. Colonies in prereduced anaerobic peptone- 
yeast extract-serum medium containing 1.3-1.4% agar are 
white, annular, 0.5-1 mm in diameter with a dense center 
after incubation for 2-5 d at 37°C. Colonies can grow on 
the surface but mainly in the agar. 

Requires animal serum (heat inactivated at 56-60°C for 
0.5-1 h) for growth. Bovine serum albumin supplemented 
with a pair of fatty acids can substitute for serum (Johnson 
and Eggebraten, 1971). The pair includes (a) an unsatu- 
rated fatty acid such as oleic acid and (b) a saturated fatty 
acid such as palmitic acid. No growth with short-chain fatty 
acids or a-, B-, y-globulins. 

Fermentation of glucose is by the Embden-Meyerhof- 
Parnas pathway. Contains ferredoxin. End products of fer- 
mentation in a serum medium without glucose are mainly 
acetic and n-butyric acids with moderate-to-small amounts 
of propionic and formic acids and usually small-to-trace 
amounts of lactic and succinic acids. Trace amounts of 
alcohols are also produced. In a medium containing glu- 
cose, large amounts of ethanol and n-butanol and smaller 
amounts of n-propanol are produced. 

A very slight curd is formed in skim milk. Weakly methyl- 
red-positive. Does not grow at a pH of 6.0 or 9.6. Grows at 
30-42°C but not or only slightly at 25 and 45°C. Reduces 
neutral red. Chopped meat serum medium is neither 
blackened nor digested. A slight fetid odor is produced in 
cultures. 

Subdivided into reiter and kazan biovars. Biovar reiter 
does not hydrolyze esculin, whereas biovar kazan does. 
Meyer and Hunter (1967) showed that the Reiter, Kazan, 
and English Reiter strains are antigenically closely related. 
Reiter and English Reiter contained the same antigens while 
the Kazan strain contained an antigen not shared by the 
Reiter treponemes. The Nichols strain of Treponema refrin- 
gens was antigenically unrelated. Christiansen (1964) also 
reported that the Reiter and Kazan 11 strains were closely 
related but not identical. Dupouey (1963) reported that 
Treponema phagedenis and Reiter strain were closely related 
antigenically, sharing at least six common antigens. The 
Reiter strain has a large amount of an antigen that may be 
shared with a number of other species including Treponema 
pallidum. More than 40 water-soluble antigens have been 
demonstrated in the Reiter treponeme by crossed immuno- 
electrophoresis. Five antigens cross-reacted with antibodies 
in syphilitic sera (Strandberg-Pedersen et al., 1980, 1981). 

Reiter and Kazan strains have high DNA/DNA homol- 
ogy to each other and no homology to Treponema refrin- 
gens (Miao and Fieldsteel, 1978; Smibert, 1974). There is 
no DNA/DNA homology to Treponema denticola (Smibert, 
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1974). There is no detectable DNA homology between 
Treponema phagedenis (Reiter and Kazan 5) and pathogenic 
Nichols strain of Treponema pallidum subsp. pallidum (Maio 
and Fieldsteel, 1978). Additional information on Treponema 
phagedenis Reiter can be found in an excellent review by 
Wallace and Harris (1967). 

Source: nonpathogenic. Phagedenic ulcer on human 
external genitalia. Reiter treponeme from a case of primary 
syphilis in man and also as normal flora in the anal and 
genital areas of normal male and female chimpanzees. 

DNA G«C content (mol % ): 38-39 (T). 

Type strain: none designated. 

Reference strain: Reiter. 

Sequence accession no. (16S rRNA gene): M57739. 


Treponema porcinum Nordhoff, Taras, Macha, Tedin, Busse 
and Wieler 2005, 1678V* 


por.ci'num. L. neut. adj. porcinum pertaining to swine, from 
which the type strain was isolated. 


Cells exhibit typical spirochete morphology and are 
approximately 6-8 um in length and 0.3 um in width with 
2-3 windings and 2:4:2 flagella arrangement. Strictly anaer- 
obic. Best growth is obtained in liquid OMIZ-Pat medium 
at 37°C supplemented with 10% (v/v) BHI and 10% (v/v) 
TSYE. Growth is independent of glucuronic or galacturonic 
acid. p-Maltose is essential for growth, whereas any of the 
following carbohydrates (as the sole carbohydrate source) 
do not support growth: D-glucose, D-fructose, D-mannitol, 
p-mannose, D-arabinose, r-fucose, trehalose, sucrose, and 
L-rhamnose. Does not grow with pectin as a sole carbon 
source. On OMIZ-Pat (1-396 w/v) agar supplemented with 
5% egg yolk, 10% BHI, and 10% TSYE, the species forms 
grayish, irregular swarms up to 2 mm in diameter, visible 
after 3-4 d. Reactions using the API ZYM and Rapid ID 32A 
system are positive for acid phosphatase, esterase C4, naph- 
thol- AS-BI-phosphohydrolase, and a-glucosidase, and neg- 
ative for alkaline phosphatase, esterase lipase C8, leucine 
arylamidase, cystine arylamidase, trypsin, o-chymotrypsin, 
a-galactosidase, B-galactosidase, D-glucuronidase, f-glucosi- 
dase, Nacetyl-[-glucosaminidase, o-fucosidase, urease, argi- 
nine dihydrolase, o-arabinosidase, mannose, and raffinose 
fermentation, glutamic acid decarboxylase, o-fucosidase, 
arginine arylamidase, proline arylamidase, leucyl glycine 
arylamidase, phenylalanine arylamidase, leucine arylami- 
dase, pyroglutamic acid arylamidase, tyrosine arylamidase, 
alanine arylamidase, glycine arylamidase, histidine arylami- 
dase, glutamyl glutamic acid arylamidase, and serine arylam- 
idase. Reduction of nitrates and indole production are not 
detected. In the polar lipid profile, three unknown phos- 
pholipids and a highly hydrophobic compound predomi- 
nate. Diphosphatidylglycerol, phosphatidylglycerol as well 
as phospholipids are present in moderate amounts. Addi- 
tionally, a glycolipid and several phospholipids are present 
in minor amounts. 

Source: swine feces in Berlin, Germany. 

DNA G+C content (mol % ): 38-39 (T). 

Type strain: 14V28, ATCC BAA-908, CIP 108245, JOM 
12342. 

Sequence accession no. (16S rRNA gene): AY518274. 
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'Ireponema primitia Graber, Leadbetter and Breznak 2004, 
1319% 


pri.mi'ti.a. N.L. fem. sing. n. primitia (nominative in apposi- 
tion), the first fruit (of isolation after long work). 


Cells 0.2 um in diameter by 3-7 um long, with a wave- 
length or body pitch of 2.3 um. Motile by two periplasmic 
flagella, inserted at opposite ends of the protoplasmic cyl- 
inder. Anaerobe. Possesses NADH and NADPH peroxidases 
but neither catalase nor superoxide dismutase. Optimum 
temperature for growth is 30°C. Optimum pH for growth is 
7.2 (range, 6.5-7.8). Homoacetogen. Energy sources used 
for growth include glucose, maltose, mannitol, xylose, and 
H, (plus CO,), which are fermented to acetate as the sole 
product. Strain ZAS-1 also uses arabinose and cellobiose, 
whereas strain ZAS-2 can grow slowly by acetogenic dem- 
ethylation of methoxylated benzenoids (syringate, ferulate, 
vanillate, and trimethoxybenzoate). Ribose, methanol, for- 
mate, CO, lactate, pyruvate, glycine, betaine, and choline 
are not utilized. Growth by mixotrophy (i.e., simultaneous 
use of H, and organic substrates) has been demonstrated. 
Laboratory-prepared yeast autolysate or certain commercial 
yeast extracts are required for growth. Folinate (formyltetra- 
hydrofolate) is required for growth of strain ZAS-1, whereas 
folic acid or folinate is required for growth of strain ZAS- 
2. Cells possess homologs of the dinitrogenase reductase 
gene nifH and exhibit low levels of nitrogenase activity, but 
unambiguous N,-dependent growth has not been demon- 
strated. Genome sizes are 3461 kb (ZAS-1) and 3835 kb 
(ZAS-2); G+C contents of DNA are 51.0 mol% (ZAS-1) and 
50.9 mol% (ZAS-2) (by HPLC); each strain possesses 2 rrs 
gene copies. The 16S rRNA nucleotide sequences of strains 
ZAS-1 and ZAS-2 place them within the “termite cluster” of 
the genus Treponema. 

Source: hindgut contents of the Pacific dampwood termite 
Zootermopsis angusticollis (Hagen) (Isoptera: Termopsidae). 

DNA G+C content (mol % ): 50.9-51.0 (HPLC). 

Type strain: strain ZAS-2, ATCC BAA-887, DSM 12427. 

Sequence accession no. (16S rRNA gene): AF093252 (ZAS-2"), 
AF093251 (ZAS-1). 


Treponema putidum Wyss, Moter, Choi, Dewhirst, Xue, 
Schüpbach, Gobel, Paster and Guggenheim 2004, 1121V* 
pu'ti.dum. L. neut. adj. putidum stinking, fetid. 

Obligately anaerobic, helically coiled, motile, asaccharo- 
lytic, and proteolytic. The human oral cavity is so far its only 
known habitat. Approximately 0.25 um in diameter and 
approximately 10 um long, with a wavelength of approxi- 
mately 3 um and amplitude of approximately 1.5 um. They 
contain four periplasmic flagella, two originating at each 
cell end and overlapping in the center of the cell in an 
arrangement of 2:4:2. In liquid media of low viscosity, cells 
appear highly active with cellular rotation and jerky flexing 
but no directional motility. Translational movement, how- 
ever, is seen in media of higher viscosity or when cells creep 
along a surface. Cells can be stored at temperatures below 
-70°C in medium supplemented with 10-20% glycerol. 
Within 5 d of anaerobic incubation at 37°C when streaked 
onto OMIZ-Pat agar (Wyss et al., 1996), dense, off-white sub- 
surface colonies up to 3 mm in diameter are formed. Does 
not grow in the chemically defined OMIZ-W1 medium, but 
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requires the addition of yeast extract and/or Neopeptone (or 
fractions thereof); addition of 1-10% human or fetal bovine 
serum is highly stimulatory. Growth is neither dependent on 
nor stimulated by any of the following carbohydrates, each 
tested at 2 g/l: p-arabinose, p-cellobiose, D-fructose, p-fucose, 
D-galactose, p-galacturonic acid, D-glucose, p-glucuronic 
acid, glycogen, p-lactose, D-maltose, D-mannitol, D-mannose, 
p-melibiose, p-ribose, starch, sucrose, p-trehalose, p-xylose, 
L-arabinose, L-fucose, L-rhamnose, L-sorbose, and L-xylose. 
Neuraminidase and dentilisin activities are not detected. 
Using API ZYM strips (Table 129), the following enzyme 
activities are always detected: esterase C4, esterase C8, leucyl 
arylamidase, trypsin, acid phosphatase, naphtholphospho- 
hydrolase, B-galactosidase, and B-glucosidase; the following 
activities are never detected: lipase C14, valine arylamidase, 
P-glucuronidase, N-acetyl-B-glucosaminidase, o-mannosi- 
dase, and a-fucosidase. Other enzyme activities detectable 
by API ZYM are present only in some strains. Growth is resis- 
tant to rifampicin (1 mg/l), phosphomycin (100 mg/l), 
nalidixic acid (30 mg/1), and polymyxin (5 mg/l). 

Source: subgingival plaque of a deep human periodontal 
lesion. 

DNA G+C content (mol 96): not determined. 

Type strain: JZC3, OMZ 758, ATCC 700334, CIP 108088, 
OMZ 758. 

Sequence accession no. (16S rRNA gene): AJ543428. 


Treponema refringens (ex Castellani and Chalmers 1919) 
sp. nov., nom. rev. 
re.frin’gens. L. part. adj. refringens refringent, refractive. 

Many characteristics are listed in Tables 127 and 128. 
The average cells are 5-8 um long and 0.24 um wide. Some 
cells may appear loosely coiled. Two to four periplasmic 
fibrils are inserted at each end of the cell. Motile, with a 
slow, sluggish movement. Rotation of cells is rare, and when 
observed, usually slow. 

Colonies on prereduced anaerobic peptone-yeast extract- 
serum agar (1.4%) are visible in 9-15 d. They are white, 
round, surface colonies 0.5-1 mm in diameter. Some col- 
onies after longer incubation are white, fluffy, and up to 
1.5 mm in diameter. Colonies grow on and below the sur- 
face of the medium. Size and texture of colonies varies with 
the concentration of agar in the medium. 

Grows well in peptone-yeast extract-serum medium under 
anaerobic conditions. Requires animal serum (inactivated at 
56-60*C for 1 h) for growth. Amino acids in serum medium 
are fermented to mostly acetic acid, moderate amounts 
of succinic acid, and smaller amounts of lactic acid. Some 
strains produce trace amounts of propionic acid, n-butyric 
acid, formic acid, ethanol, n-propanol, and n-butanol. No 
additional end products are produced in the presence of 
D-glucose. 

Methyl red-negative. Skim milk is only slightly curdled. 
Ammonia produced by most strains. Growth occurs at pH 
6.5-8.0 but not at pH 6.0 or 9.6. Grows at 30-42*C but 
only very slightly or not at all at 25 or 45°C. Chopped meat 
serum medium is neither blackened nor digested. Only a 
very slight putrid odor is detectable. 

Dupouey (1963) reported that strains labeled Treponema 
refringens and “Treponema  calligyrum" were closely related 
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antigenically, sharing 4-5 common antigens, but only 
slightly related to Treponema minutum. The three strains had 
only one antigen in common with Treponema pallidum. 

DNA from Treponema refringens shows a high homology 
with DNA from the avirulent Nichols strain, the Noguchi 
strain, and “Treponema calligyrum", and a very low homol- 
ogy with DNA from strains of Treponema denticola (R. M. 
Smibert and J. Johnson, unpublished data). No detectable 
DNA homology by hybridization to Treponema phagedenis or 
Treponema pallidum subsp. pallidum (Nichols) and Treponema 
pallidum subsp. pertenue (Maio and Fieldsteel, 1978). On 
this basis, “Treponema calligyrum" was designated a biovar of 
Treponema vefringens by Smibert (1984). Biovar refringens 
does not grow with 1% glycine, whereas biovar calligyrum 
does grow in 5-6 d. 

Source: condyloma acuminata lesions, occasionally from 
syphilitic lesions. Part of normal flora of male and female 
genitalia of man and animals. Not pathogenic. 

DNA G«C content (mol96): 39-43 (T). 

Type strain: none designated. 

Reference strain for biovar refringens: Treponema refringens, 
Institut Pasteur, Paris. 

Reference strain for biovar calligyrum: CIP 64.40. 

Sequence accession nos (16S rRNA gene) AF426101 
( Treponema refringens biovar refringens) ; AF426100 (Treponema 
refringens biovar calligyrum). 


Treponema saccharophilum Paster and Canale-Parola 1985, 
218v 


sac.cha.ro.phi'lum. Gr. n. sacchar sugar; Gr. adj. philus -é -on 
loving; N.L. neut. adj. saccharophilum sugar-loving. 


Helical cells, 0.6-0.7 um by 12-20 um. Cell coiling is 
regular except when cells are in contact with solid surfaces. 
A bundle of periplasmic flagella is wrapped around the 
cell body. At least 16 periplasmic flagella are inserted near 
each end of the cell. Cells swim at velocities in excess of 
60 um/s in liquid media at 37°C, but no translational motil- 
ity is observed at 23°C. Translational motility ceases 1-2 min 
after the cells are exposed to air. Cells in contact with solid 
surfaces exhibit creeping motility. Obligate anaerobe. Opti- 
mum growth is at 37-39°C. At these temperatures, the final 
growth yield in rumen fluid-glucose-sodium bicarbonate- 
salts broth is 7x10? cells per ml and the population dou- 
bling time is 90 min. No growth at 23°C or 45°C. Subsurface 
colonies in agar media are spherical and opaque with dif- 
fuse edges. Utilizes as fermentable substrates for growth: 
L-arabinose, D-galactose, D-glucose, D-mannose, D-fructose, 
D-galacturonic acid, p-glucuronic acid, cellobiose, lactose, 
maltose, sucrose, p-raffinose, dextrin, inulin, starch, pectin, 
polygalacturonic acid, and arabinogalactan. Does not grow 
on: Lrhamnose, D-xylose, L-sorbose, D-ribose, cellulose, 
dextran, amino acids, pn-arabitol, dulcitol, mannitol, ribi- 
tol, sorbitol, xylitol, glycerol, potassium galactonate, potas- 
sium gluconate, sodium acetate, sodium formate, sodium 
lactate, sodium succinate, potassium fumarate, Tween 
80, glucosamine, and xylan. Exogenous isobutyric acid is 
required for growth, and valeric acid is stimulatory. Nei- 
ther NaHCO, in media nor a CO,-containing atmosphere 
is required for growth. Fermentation end products of grow- 
ing cells (in micromoles per 100 pmol of glucose utilized): 
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formate, 150; acetate, 91.2; ethanol, 79.4. Approximately 
1596 of the glucose carbon consumed by growing cells is 
assimilated in cell material. Acetate and formate are major 
end products of pectin or glucuronic acid fermentation. 
Pyruvate is metabolized via a coliform-type clastic reaction. 
Isolated from bovine rumen fluid using an agar medium 
that contained rifampicin as a selective agent and pectin as 
a fermentable substrate. 

Source: bovine rumen contents. 

DNA G+C content (mol 96): 54 (T). 

Type strain: PB, ATCC 43261, DSM 2985. 

Sequence accession no. (16S rRNA gene): M71238. 


Treponema scoliodontus (ex Noguchi 1928) sp. nov., 
nom. rev. 


sco.li.o.don'tus. Gr. adj. skolios crooked, bent; Gr. n. odous, 
odontos tooth; N.L. neut. n. scoliodontus crooked tooth. 


Many characteristics are listed in Tables 127 and 128. 
Very tightly coiled cells. Motile with a jerky but fairly rapid 
motion. Grows in peptone-yeast extract-serum medium 
under anaerobic conditions. Requires animal serum or 
ascitic fluid. Amino acids in a peptone-yeast extract-serum 
medium are fermented to moderate amounts of acetic acid 
and small amounts of formic, succinic, lactic, propionic, 
and n-butyric acids. No additional end products are pro- 
duced in the presence of glucose. 

Methyl red-negative. Ammonia is not produced from 
amino acids. No action on milk. Chopped meat serum 
medium is neither blackened nor digested. Produces a 
slight fetid odor. Grows at pH 6.5-8.0 but not at pH 6.0 or 
9.6. Grows at 30-42*C. 

Source: oral cavity of humans. 

DNA G+C content (mol96): not known. 

Type strain: none designated. 

Reference strain: Treponema scoliodontus Institut Pasteur, 
Paris. 

Sequence accession no. (16S rRNA gene): not determined. 


Treponema socranskii (Noguchi 1928) Smibert, Johnson 
and Ranney 1984, 459%? 


so.crans’ki.i. N.L. masc. gen. n. socranskii of Socransky, 
named for Sigmund S. Socransky, Forsyth Dental Center, 
Boston, USA. 


Cells are 6-15 um long and 0.16-0.18 um wide. They 
have tapered ends with a slight bend or “hook” at one or 
both ends of the cell. Obligately anaerobic, motile, helically 
coiled treponeme. The species is subdivided into three 
distinct subspecies based on DNA homology (by hybridiza- 
tion) and phenotypic characteristics: subspecies socranskii, 
buccale, and paredis (Smibert et al., 1984). The periplasmic 
flagella overlap in the center of the cell, in a 1:2:1 relation- 
ship. The cells form coccoid bodies in the late stationary 
growth phase. Cells in broth cultures have both rotational 
and translational movement. Serpentine movement of cells 
can be seen by darkfield microscopy of cultures grown in a 
semisolid medium. 

Colonies usually appear in Oral Treponeme Isolation 
(OTI) agar (Smibert and Burmeister, 1983) in 7-10 d. The 
colonies grow into the agar, are white and translucent, and 
often have slightly denser centers and edges that can be 
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entire or irregular. T he colonies spread and become larger 
after extended incubation. Growth occurs only in media 
containing a fermentable carbohydrate and either rumen 
fluid (20-30%) or a mixture of short-chain fatty acids. 
Serum is not required. Growth is optimum at 37°C and only 
slight at 25 or 42°C. 

The phenotypic characteristics of representative strains 
(10-12 of each subspecies) were examined (Smibert et al., 
1984). Fermentation of glucose by a majority of the strains 
leads to a pH ranging from 5.1 to 5.9. A few strains belong- 
ing to Treponema socranskii subsp. buccale do not reduce the 
pH below 6.0 when they are grown in glucose-containing 
broth. These cultures have a pH range of 6.2-6.7. Inulin, 
lactose, Melezitose, cellobiose, salicin, p-sorbitol, glycerol, 
amygdalin, adonitol, dulcitol, i-erythritol, inositol, and 
p-mannitol are not fermented, as indicated by only a slight 
change in the pH of the medium. Hydrogen sulfide is pro- 
duced in SIM medium supplemented with rumen fluid by 
all but 1 of 32 strains tested. 

A distinctive phenotypic trait found in all strains of all 
subspecies of Treponema socranskii (but not in any other oral 
spirochete) is the formation of intensely yellow colonies 
(or cell pellets after growth in liquid medium) in OMIZ-Pat 
agarose. Furthermore, live cells of Treponema socranskii can 
be recognized microscopically, since cells that are rotating 
around their axes have both cell tips markedly deflected, 
which gives the appearance of propellers on both ends of a 
straight helix. 

None of the strains studied produces catalase, peroxi- 
dase, indole, or acetylmethylcarbinol. Esculin is not hydro- 
lyzed. Hydrogen gas is not detected by gas chromatography 
of samples taken from the atmosphere above the broth 
medium in rubber-stoppered tubes. 

The major acid fermentation products of all strains 
grown in PY-glucose-rumen fluid broth are acetic, lactic, 
and succinic acids. Trace amounts of formic acid occasion- 
ally can be found. The strains produce a mean of 8 mM 
lactic acid (range, 3-16 mM), 6.5 mM acetic acid (range, 
2.6-10.4 mM), and 3 mM succinic acid (range, 1-6.5 mM). 

Treponemes in homology group Al are designated Tiepo- 
nema socranskii subsp. socranskit. The type strain of Treponema 
socranskiisubsp. socranskiiis ATCC 355367 (= VPI DR56BRIII6). 
Treponemes in homology group A2 are designated Treponema 
socranskit subsp. buccale (buc.ca'le. L. n. bucca the mouth; L. 
neut. suff. -ale suffix denoting pertaining to; N.L. neut. adj. 
buccale buccal, pertaining to the mouth); the type strain is VPI 
D2B8" (-ATCC 35534). The phenotypic characteristics of 
these subspecies are described in detail in the defining publi- 
cation (Smibert et al., 1984). 

Patterns of phenotypic reactions (Smibert et al., 1984) 
show that Treponema socranskii subsp. socranskii (homology 
group Al) cannot be readily differentiated from Treponema 
socranskii subsp. buccale (homology group A2). However, 
when a slide agglutination test with washed cells as the 
antigen was used, antisera against the type strain (strain 
ATCC 35536) and strain VPI D43BRI agglutinated 11 of 12 
Treponema socranskii subsp. socranskii strains (Smibert et al., 
1984), and no strain of Treponema socranskii subsp. buccale or 
Treponema socranskii subsp. paredis. Antisera against the type 
strain (strain ATCC 35534) and strains VPI D11A1 and VPI 
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D40DPEI of Treponema socranskii subsp. buccale agglutinated 
7 of 10 Treponema socranskii subsp. buccale strains. Antiserum 
against the type strain of Treponema socranskii subsp. paredis 
(strain ATCC 35535) agglutinated 7 of 9 Treponema socran- 
skii subsp. paredis strains but no Treponema socranskii subsp. 
socranskii or Treponema socranskii subsp. buccale strains. 

Treponemes in homology group K are designated 
Treponema socranskii subsp. paredis (pa.re'dis. Gr. n. pareias 
cheek; N.L. gen. n. paredis of a cheek). r-Arabinose and 
rhamnose are not fermented. Other characteristics of this 
subspecies are the same as those of the species. The type 
strain of Treponema socranskii subsp. paredis is strain ATCC 
35535 (= VPI D46CPE1), which was isolated from a suprag- 
ingival sample from a patient with severe periodontal 
disease. 

Treponema socranskii subsp. paredis can be easily separated 
from Treponema socranskii subsp. socranskii and Treponema 
socranskii subsp. buccale by the inability of Treponema socran- 
skit subsp. paredis to ferment L-arabinose and rhamnose. 

Source: subgingival sample from a patient with severe 
periodontal disease. It is the most frequently isolated 
treponeme and is usually the most numerous of the cul- 
tivable treponemes in either supragingival or subgingival 
samples. 

DNA G«C content (mol % ): 50.5x2 (T). 

Type strains: Treponema socranskii subsp. socranskii XTCC 
35536, JCM 8157, VPI D56BRIII6; Treponema socranskii subsp. 
buccale ATCC 35534, JCM 8155, VPI D2B8; Treponema socran- 
skii subsp. paredis ATCC 35535, JCM 8156, VPI D46CPE1. 

Sequence accession nos (16S rRNA gene): AF033306 ( Treponema 
socranskii subsp. socranskii); AF033305 (Treponema socran- 
skii subsp. buccale); AF033307 (Treponema socranskii subsp. 
paredis). 


Treponema succinifaciens Cwyk and Canale-Parola 1981, 
383"" (Effective publication: Cwyk and Canale-Parola 1979, 
231.) 


suc.ci.ni.fa'ci.ens. N.L. n. acidum succinicum succinic acid; L. 
part. adj. faciens making, producing; N.L. part. adj, succini- 
faciens succinic acid-producing. 

Helical, anaerobic bacterium 0.3 um wide by 4-8 um 
long. Some cells may be up to 16 um long. May form chains. 
Possesses a 2:4:2 flagellar arrangement. No transitional 
movement at 25°C. Motile at 37°C, requires carbon diox- 
ide. Colonies in rumen fluid agar deeps are spheroid with 
an opaque center and diffuse peripheral growth. Colonies 
are 4-8 mm in diameter after 2 d growth at 37°C. In broth, 
cell yields are 1.5x10? cells/ml with a mean generation time 
of 8.5 h. 

The pH of a glucose culture after 48 h is about 6.0. 
Ferments glucose by the Embden-Meyerhof pathway. CO,/ 
bicarbonate and a carbohydrate are required for multiplica- 
tion. Growth is supported by L-arabinose, p-xylose, D-glucose, 
D-mannose, D-galactose, maltose, lactose, cellobiose, dex- 
trin, and starch, but not by p-ribose, L-sorbose, raffinose, 
L-rhamnose, D-fructose, sucrose, dextran, inulin, ball-milled 
cellulose, trehalose, glycerol, p-mannitol, p-sorbitol, dulcitol, 
xylitol, sodium acetate, sodium formate, sodium succinate, 
potassium pyruvate, sodium lactate, and potassium glucon- 
ate. Does not ferment acetate, formate, succinate, xylitol, 
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pyruvate, lactate, gluconate, and Tween 80. End products 
are (in pmol/100 umol glucose and 51 umol of CO, uti- 
lized) acetate, 82; formate, 81; succinate, 58; lactate, 30; 
2,3-butanediol, 5; pyruvate, 4; acetoin, 3. Catalase-negative. 
Poor growth occurs at 22 and 43°C. 

Inhibited by penicillin G (4000 U/l), cephalothin 
(4 mg/l), and chloramphenicol (4 mg/l), not by eryth- 
romycin (4 mg/l), oxytetracycline (4 mg/1), polymyxin B 
(40,000 U/1), rifampicin (4 mg/l), streptomycin (4 mg/l), 
tetracycline (4 mg/l), and vancomycin (4 mg/l). 

Source: colon of swine. 

DNA GC content (mol % ): 36 (T). 

Type strain: strain 6091, ATCC 33096, DSM 2489. 

Sequence accession no. (16S rRNA gene): M57738. 


25. Treponema vincentii (ex Brumpt 19222) sp. nov., nom. rev. 


vin.cen'ti.i. N.L. masc. gen. n. vincentii of Vincent, named 
after Jean-Hyacinthe Vincent (1862-1950), a French military 
physician. 

Many characteristics are listed in Tables 127-129. Cells 
may have shallow and irregular spirals. Four to six periplas- 
mic flagella are inserted at each end of cell. Motile with 
a rapid, jerky, vibratory motion. Colonies of strain N-9 are 
visible after incubation for 2 weeks. The colonies are white, 
12-15 mm in diameter, appearing as a slight haze in the 


agar. Unlike other Treponema species, Treponema vincentii is 
reported to produce LPS (Blanco et al., 1994; Kurimoto 
et al, 1990). Grows in a peptone-yeast extract medium 
under anaerobic conditions. Requires animal serum or 
ascitic fluid for growth. 

Amino acids are fermented to mainly acetic and n-butyric 
acids, moderate amounts of lactic acid, and smaller amounts 
of succinic and formic acids, and trace amounts of propionic 
acid, ethanol, »-propanol, and r-butanol. No additional end 
products are produced in the presence of glucose. 

Methyl red-negative. Skim milk is not changed. Ammonia 
is produced in cultures. Chopped meat is neither blackened 
nor digested. A slight fetid odor is produced in cultures. 
Grows at pH 6.5-7.5 and at 25-45*C. 

Meyer and Hunter (1967) reported that Treponema vin- 
centi strain N-9 was antigenically distinct from Treponema 
denticola (FM) and the Nichols and Noguchi strains of 
Treponema refringens. Antigens were shared with [Spiro- 
chaeta] zuelerzae and Treponema phagedenis (Reiter and 
Kazan strains). 

Source: oral cavity of humans. 

DNA G+C content (mol % ): not known. 

Type strain: none designated. 

Reference strain: N-9. 

Sequence accession no. (16S rRNA gene): AF033309. 


Species Candidatus* 


1. “Treponema suis” (Molbak et al., 2006) 


su'is. L. n. sus suis a swine, hog, pig, boar, sow; L. gen. n. suis 
of a pig. 

This Candidatus was identified in paraffin-embedded 
biopsy specimens of porcine colon. Laser capture dissection 
and PCR amplification were used to determine the 16S rRNA 
sequence, and fluorescence in situ hybridization (FISH) was 
performed to show that the spirochetes were distributed 
within the colonic epithelium and lamina propria. The fact 
that the organism was identified by FISH in nearly equal pro- 
portions in pigs with colitis (60%) and in normal controls 
(4396) indicates that it is not a causative agent of colitis. The 
16S rRNA sequence was most closely related to Treponema bry- 
antii; however, the sequence identity was only 90.1%, making 
it likely that this organism, provisionally called “Treponema 
suis”, represents a separate species. By electron microscopy, 
“Treponema suis" is longer (6-11 um) than other Treponema 
species identified in the porcine intestinal tract (Treponema 
succinifaciens, Treponema berlinense, and Treponema porcinum, 
4-8 um). In addition, “Treponema suis” has a total of 10-14 
periplasmic flagella, as compared to two for the aforemen- 
tioned species. The zn vitro culture of this organism has not 
as yet been reported. 

Source: porcine colon. 

DNA G+C content (mol96): not known. 

Type strain: none designated. 

Sequence accession no. (168 rRNA gene): AM284386. 


*The following species have been described but can be found in the literature and 
are not yet classified formally. There are no known cultures of two of these species. 
They are listed so that if they are isolated again, the description can be used to aid 
in their identification. The names presently have no standing in nomenclature. 


2. “Treponema macrodentium” Noguchi 1912, 82 [Spirochaeta 


macrodentium (Noguchi 1912) Pettit 1928, 182] 


mac.ro.den'ti.um. Gr. adj. makros long; L. n. dens dentis tooth; 
N.L. gen. pl. n. macrodentium of large teeth. 


Slender helical rods, 5-16 um long and 0.1-0.25 um wide. 
The ends of the cell are pointed. One periplasmic flagel- 
Ium is inserted into each end of the cell. Motile with a fairly 
rapid motion. Young cells rotate rapidly on their long axis. 
Grows in peptone-yeast extract-medium or PPLO medium 
(BBL) containing 1096 serum or ascitic fluid with cocar- 
boxylase (5 mg/l), glucose (1 g/l), and cysteine (1 g/l). 
Requires animal serum for growth. This requirement can be 
replaced by isobutyric acid (20 mg/l), spermine (150 mg/l), 
and nicotinamide (400 mg/1). Will also grow in a medium 
supplemented with rumen fluid and cocarboxylase. Requires 
a fermentable carbohydrate as an energy source. Carbohy- 
drates are fermented. Acid but no gas is produced. The final 
pH in glucose broth is 5.0-5.4. Ferments fructose, glucose, 
maltose, ribose, and sucrose. May ferment cellobiose, galac- 
tose, and xylose. Does not ferment mannose, rhamnose, sor- 
bose, lactose, arabinose, trehalose, mannitol, inulin, sorbitol, 
or salicin. Starch is not hydrolyzed. Glucose is fermented 
mainly to lactic acid, moderate amounts of acetic and for- 
mic acids, and a trace of succinic acid. Gelatin is hydrolyzed. 
Indole-negative. Hydrogen sulfide is produced. Lactate is 
not used. Ammonia is not produced. Optimum tempera- 
ture, 37°C. Grows at pH 7.0. 

Source: subgingival crevice of humans. 

DNA G+C content (mol96): 39 (T). 

Type strain: no culture available. 

Sequence accession no. (16S rRNA gene): not known. 
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5% 
Treponema vincentii (human) 


Treponema phagedenis (human) 


Treponema denticola (human) 


Treponema pallidum (human) 
[Spirochaeta | zuelzerae (free-living) 


Treponema sp. oral taxon 237; AF061350 (human) 
Treponema sp. oral taxon 238; AF061347 (human) 
Treponema sp. oral taxon 262; AF182834 (human) 
Treponema sp. oral taxon 227; AF056339 (human) 


Treponema pedis ; EF061267 (bovine) 
Treponema sp. oral taxon 247; AF023032 (human) 


Treponema sp. oral taxon 251; AF056340 (human) 
Treponema sp. oral taxon 256; AF182835 (human) 
Treponema sp. oral taxon 252; AF056341 (human) 
Treponema sp. oral taxon 255; AF182833 human) 


Anaerobic digestor; AF275918 (free-living) 
Reticulitermes flavipes ; AF068429 (termite) 
Reticulitermes flavipes ; AF068432 (termite) 
Hodotermopsis sjoestedti ; AB032004 (termite) 
Reticulitermes flavipes ; AF068425 (termite) 
Reticulitermes flavipes ; AF068426 (termite) 
Reticulitermes flavipes ; AF068335 (termite) 
Reticulitermes flavipes ; AF068417 (termite) 
Reticulitermes flavipes ; AF068342 (termite) 
Reticulitermes flavipes ; AF068339 (termite) 
Reticulitermes flavipes ; AF068422 (termite) 
Mastotermes darwiniensis ; X89049 (termite) 
Treponema succinifaciens (swine) 
Treponema zioleckii ; DQ065758 (bovine) 
Treponema saccharophilum (bovine) 
Treponema socranskii ss socranskii (human) 
Treponema strain OMZ841; unpublished (canine) 
Treponema sp. oral taxon 260; AF023041 (human) 
Treponema maltophilum (human) 
Treponema sp. oral taxon 264; AF385536 (human) 
Treponema sp. oral taxon 263; AF182837 (human) 
Treponema amylovorum (human) 
Treponema parvum (human) 
Treponema porcinun AY518274 (swine) 
Treponema pectinovoru m (human) 
Treponema berlinense ; AY 230217 (equine) 
Treponema fecal sp.; AY212749 (equine) 
Treponema fecal sp.; AY212774 (equine) 
“Treponema suis”; AM284386 (swine) 
Treponema sp.; AY 178844 (bovine) 
Treponema sp.; AB009242 (bovine) 
Treponema bryanti (bovine) 
Treponema sp.; AF001693 (bovine) 
Reticulitermes flavipes ; AF068415 (termite) 
Reticulitermes flavipes ; AF068419 (termite) 


Termite cluster 1 


| Mammalian cluster 1 


Mammalian cluster 2 


FIGURE 95. Phylogenetic tree illustrating the diversity of cultivable and not-yet-cultivable species of the genus 
Treponema based on 16S rRNA sequence comparisons. Environmental source or host for each species is noted in 
parentheses. Several clusters were apparent, e.g., mammalian clusters 1 and 2, termite clusters 1 and 2, and a waste 
water cluster 1. GenBank accession numbers for the 16S rRNA sequences of not yet cultivated species, or phylo- 
types, tested are shown. The scale bar represents a 5% difference in nucleotide sequence 


3. “Treponema orale" Socransky, Listgarten, Hubersak, Cot- 


more and Clark 1969, 881 [Treponema oralis (sic) Socransky, 
Listgarten, Hubersak, Cotmore and Clark 1969, 881] 


o.ra'le. L. n. os, oris the mouth; L. neut. suff. -ale suffix denot- 
ing pertaining to; N.L. neut. adj. orale pertaining to the 
mouth, of the mouth. 


Slender helical cells, 6-16 um long and 0.10-0.25 um wide. 
Occasional chains are formed. One periplasmic flagellum is 
inserted into each end of the cell. Frequently end granules 
are seen in broth cultures. Motile with a jerky but fairly rapid 
motion. Grows in either PPLO medium without crystal vio- 
let (BBL) or peptone-yeast extract medium. Each medium 
contains glucose (1 g/l), cysteine (1 g/l), nicotinamide 


(500 mg/l), cocarboxylase (5 mg/l), spermine tetrahydro- 
chloride (150 mg/1), and sodium isobutyrate (20 mg/l), and 
each is further supplemented with 10% inactivated rabbit 
serum or ascitic fluid, or 0.05% o-globulin. Uniform turbid- 
ity occurs in liquid media. Does not grow well on surface cul- 
tivation. Does not require carbohydrates as an energy source. 
Carbohydrates not fermented. Amino acids are fermented. 
The final pH in glucose broth is 6.8-7.2. Amino acids are 
fermented to acetic and propionic acids. Hydrolyzes gelatin 
but not starch. Indole-positive. H,S produced. Utilizes lac- 
tate. Does not produce ammonia in cultures. Grows at pH 
7.0 and at 37°C. 

Paster etal. (1998) reported thata strain labeled “Treponema 
oralis” in the Smibert collection had 16S rRNA sequence and 
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Reticulitermes flavipes ; AF068420 (termite) 
Reticulitermes flavipes ; AF068427 (termite) 
Reticulitermes flavipes ; AF068421 (termite) 

Treponema primitia (termite) 
Reticulitermes flavipes ; AF068334 (termite) 
Reticulitermes flavipes ; AF068336 (termite) 
Neotermes koshunensi s; AB084973 (termite) 
Incisitermes tabogae ; AM182455 (termite) 
Zootermopsis angusticollis ; AF06840 (termite) 
Reticulitermes flavipes ; AF068341(termite) 
Reticulitermes santonensi s; AJ419822 (termite) 
Treponema azotonutricu m (termite) 
Mixotricha paradoxa ; AJ458946 (termite) 
Mastotermes darwiniensi s; X89048 (termite) 
Neotermes castaneu s; AJ419817 (termite) 
Termes; AB189683 (termite) 
Macrotermes gilvu s; AB234359 (termite) 
Nasutitermes ; EF454213 (termite) 
Cubitermes orthognathus ; AY 160872 (termite) 
Microcerotemes ; AB191828 (termite) 
Microcerotemes ; AB191912 (termite) 
Cryptotermes cavifron s; AB299521 (termite) 
Neotermes castaneu s; AJ419819 (termite) 
Neotermes koshunensi s; AB084968 (termite) 
Neotermes castaneu s; AJ419818 (termite) 
Neotermes koshunensi s; AB084956 (termite) 
Neotermes koshunensi s; AB084954 (termite) 
Reticulitermes santonensi s; AJ41982 (termite) 
Neotermes koshunensi s; AB085162 (termite) 
Neotermes koshunensi s; AB085167 (termite) 
Coptotermes formosanus ; AF068345 (termite) 
Reticulitermes speratus ; AB088889 (termite) 
Kalotermes flavicolli s; AJ418816 (termite) 
Kalotermes flavicollis; AJ420234 (termite) 
Coptotermes formosanus ; AB062768 (termite) 
Reticulitermes flavipes ; AF068428 (termite) 

Reticulitermes santonensi s; AJ419822 (termite) 
Mastotermes darwiniensi s; X89047 (termite) 
Mixotrichia paradoxa ; AJ458945 (termite) Termite cluster 2 

Mastotermes darwiniensi s; X89044 (termite) 
Mixotrichia paradoxa ; AJ458947 (termite) 
Mastotermes darwiniensi s; X89046 (termite) 
Mastotermes darwiniensi s; X89042 (termite) 
Mastotermes darwiniensis ; X89050 (termite) 
Reticulitermes speratu s; AB088902 (termite) 
Reticulitermes flavipes ; AF068344 (termite) 
Reticulitermes flavipes ; AF068416 (termite) 
Reticulitermes speratus ; AB088863 (termite) 
Mastotermes darwiniensi s; X79548 (termite) 
Mastotermes darwiniensi s; X89043 (termite) 
Neotermes koshunensi s; AB085168 (termite) 
Reticulitermes flavipe s; AF068418 (termite) 
Coptotermes formosanu s; AF068346 (termite) 
Mastotermes darwiniensis ; X89045 (termite) 
Mastotermes darwiniensi s; X89051 (termite) 
Nasutitermes ; U40791 (termite) 
Microcerotemes ; AB243269 (termite) 
Nasutitermes ; EF454184 (termite) 
Coptotermes formosanus ; AF068347 (termite) 
Reticulitermes flavipes ; AF068424 (termite) 
Coptotermes formosanus ; AB062806 (termite) 
Nasutitermes ; EF454909 (termite) 
Microcerotemes ; AB191870 (termite) 
Nasutitermes ; EF454804 (termite) 
Nasutitermes ; EF453858 (termite) 
Nasutitermes ; EF453871 (termite) 
Nasutitermes ; EF454119 (termite) 
Nasutitermes ; EF454205 (termite) 
Nasutitermes ; EF454137 (termite) 
Reticulitermes flavipes ; AF068423 (termite) 


Kalotermes flavicolli s; AJ419824 (termite) 
[Spirochaeta] caldaria (free-living) 


[Spirochaeta] stenostrepta (free-living) 
Waste water; AY 133086 
Waste water; AY214182 
Contaminated aquifer; AF050551 
TCE waste water; AY133081 Waste water cluster | 
Waste water; AJ009481 
SRB waste water; AY340825 


TCB waste water; AJ009476 
Spirochaeta isovalerica 


Spirochaeta litorali s 
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other characteristics closely resembling those of Treponema 
denticola. The mol% G+C (37) is close to that determined for 
Treponema denticola (37.9). Therefore, this Candidatus species 
appears to be Treponema denticola and should be eliminated. 

Source: subgingival crevice of humans. 

DNA G+C content (mol % ): 37. 

Type strain: none. 

Sequence accession no. (16S rRNA gene): none available. 


4. “Treponema zioleckii" (Ziolecki, 1979; Ziolecki and 


Wojciechowicz, 1980) 


zi.o.lec'ki.i. N.L. gen. masc. n. zioleckii of Ziolecki in honor 
of Alexander Ziolecki, Polish Academy of Sciences, in rec- 
ognition of his contribution to the microbiology of rumen 
treponemes. 


Cells are 0.5 um in diameter by 5-11.5 um in length. The 
number of periplasmic flagella per cell could not be estimated 
from electron microscopic observations, but it appears there 
are least four per cell (Piknova et al., 2008). Utilizes fructan, 
inulin, sucrose, and various plant mono- and disaccharides 
as fermentable substrates. Produces formate, acetate, and 
ethanol as endproducts of glucose fermentation. The name 
Treponema zioleckii was recently formally proposed (Piknova 
et al., 2008). The 16S rRNA gene sequence of Treponema zio- 
leckit was > 99% similarity to strain CA, which was previously 
isolated from bovine rumen contents (Paster and Canale- 
Parola, 1982). Cells of strain CA are similar in dimensions to 
Treponema zioleckii, have 16-20 periplasmic flagella per cell, 
are pectinolytic, have amylolytic activity, can grow on arabi- 
nogalactan, and have a G+C content of 42 mol% (Paster and 
Canale-Parola, 1982). 

Source: sheep rumen contents. 

DNA G+C content (mol % ): not known for type strain. 

Type strain: kT. 
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Diversity of not-yet-cultivated species 


As with species of Spirochaeta, species of Treponema are broadly 
diverse. In addition to known species of Treponema, novel phy- 
lotypes, i.e., species that have not yet been cultivated in vitro, 
have been identified by analysis of 16S rRNA genes of DNA iso- 
lated from host-associated sources, such as the human oral cav- 
ity (Choi et al., 1994; Dewhirst et al., 2000; Paster et al., 2001), 
termite hindguts (Lilburn et al., 1999) and the bovine rumen 
(Tajima et al., 1999). 

Representatives of treponemal phylotypes from each of these 
and other environments are included in Figure 95. In one study, 
Paster et al. (2001) identified 49 not-yet-cultivated species of 
Treponema in human subgingival plaque (see expanded phylo- 
genetic trees of phylotypes in Dewhirst et al., 2000, and Paster 
etal., 2001). The termite hindgut has an especially diverse array 
of treponemal phylotypes, with hundreds of potentially new 
species of Treponema identified (Berlanga et al., 2007; Lilburn 
et al., 1999; Ohkuma et al., 1999). The diversity of treponemes 
in termite hindguts is likely even more extensive considering 
that there are over 2,000 species of termites. Bovine and ovine 
digital dermatitis cases have also yielded several treponemal 
phylotypes (Demirkan et al., 2006; Walker et al., 1995). It is 
likely that other environments such as the intestinal tracts of 
most mammals, birds, and other insects will also contain many 
additional Treponema phylotypes. 

Figure 95 illustrates the phylogenetic diversity of represen- 
tatives of treponemal species and not-yet-cultivable phylotypes 
from human, animal, insect, and waste water environments. 
Interestingly, several phylogenetic clusters based on host or 
environment are apparent, namely mammalian, termite, and 
waste water. 
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Family IIl. Brachyspiraceae 


Bruce J. PASTER 


Bra.chy.spi.ra.ce’ae. N.L. fem. n. Brachyspira type genus of the family; -aceae ending to denote 
a family; N.L. fem. pl. n. Brachyspiraceae the Brachyspira family. 


The family Brachyspiraceae was circumscribed for this volume on 
the basis of phylogenetic analysis of 16S rRNA gene sequences. 
The family contains only one genus, Brachyspira. Description is 
the same as for the genus, Brachyspira. 


Type genus: Brachyspira aalborgi Hovind-Hougen, Birch- 
Andersen, Henrik-Nielsen, Orholm, Pedersen, Teglbjaerg and 
Thaysen 1983, 896’? (Effective publication: Hovind-Hougen, 
Birch-Andersen, Henrik-Nielsen, Orholm, Pedersen, Teglb- 


jaerg and Thaysen 1982, 1135.). 


Genus |. Brachyspira Hovind-Hougen, Birch-Andersen, Henrik-Nielsen, Orholm, Pedersen, Teglbjaerg 
and Thaysen 1983, 896"? (Effective publication: Hovind-Hougen, Birch-Andersen, Henrik-Nielsen, Orholm, Pedersen, 
Teglbjaerg and Thaysen 1982, 1135.) 


THADDEUS B. STANTON 


Bra.chy.spi'ra. Gr. adj. brachys short; L. fem. n. spira a coil, spiral; N.L. fem. n. Brachyspira a short 
spiral, describing a bacterium that resembles a short spiral. 


Brachyspira spirochetes are helical shaped bacteria with regular 
coiling patterns. Cells measure 2-11 um by 0.2-0.4 um. Unicel- 
Iular, but dividing pairs and occasional chains of three or more 
cells can be observed in growing cultures. Under unfavorable 
growth conditions, spherical or round bodies are formed. 
Gram-stain negative. Obligately anaerobic, aerotolerant. Cell 
ends may be blunt or pointed. Cells have a typical spirochete 
cell ultrastructure, consisting of an outer sheath, helical pro- 
toplasmic cylinder, and internal flagella in the space between 
the protoplasmic cylinder and outer sheath. Brachyspire cells 
have 8-30 flagella per cell depending on the species (flagellar 
number usually correlates with cell size and species of smaller 
cells have fewer flagella). Flagella attach subterminally in 
equal numbers at each cell end, wrap around the protoplas- 
mic cylinder, and their free ends overlap in the middle of the 
cells. Flexing and creeping motility at 22°C; translational 
movement in liquids at 37-42*C. Cultured anaerobically on 
commercially available media (trypticase soy or brain heart 
infusion broths) containing a carbohydrate growth substrate 


and supplemented with defibrinated blood or animal (calf) 
serum. Grows at 36-42°C, optimally at 37-39*C. Population 
doubling times on glucose in broth cultures are 1-5 h (not 
reported for Brachyspira aalborgi). Chemoorganotrophic, using 
various carbohydrates for growth. Possess NADH oxidase for 
reducing molecular oxygen. Consume oxygen during growth in 
culture broth beneath a 1% oxygen atmosphere. Acetate, 
butyrate, H,, and CO, are major endproducts of glucose metab- 
olism. Higher amounts of H, than CO, are produced. Weakly 
hemolytic except for Brachyspira hyodysenteriae which exhibits 
P-hemolysis (strongly hemolytic). Associated with animal and 
human hosts. Some species are pathogenic. The genus 
Brachyspira is distinguished from other spirochete genera 
based on 16S rRNA gene sequences. Brachyspira species share 
high 16S rRNA sequence similarity with each other. Species 
can be differentiated by DNA-DNA relative reassociation and 
MLEE (multilocus enzyme electrophoresis) analyses. Similar 
to other spirochete genera, Brachyspira is insensitive to the 
antibiotic rifampin. 
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DNA G+C content (mol % ): 24.5-27.1 (T). 

Type species: Brachyspira aalborgi Hovind-Hougen, Birch- 
Andersen, Henrik-Nielsen, Orholm, Pedersen, Teglbjaerg and 
Thaysen 1983, 896’? (Effective publication: Hovind-Hougen, 
Birch-Andersen, Henrik-Nielsen, Orholm, Pedersen, Teglb- 
jaerg and Thaysen 1982, 1135”). 


Further descriptive information 


Cell morphology and ultrastructure. By phase-contrast 
microscopy, Brachyspira species appear helical shaped with 
regular coils (Figure 96). They have a typical spirochete 
ultrastructure with protoplasmic cylinder, enclosed flagella 
winding around the protoplasmic cylinder, and outer sheath 
(membrane) (Sellwood and Bland, 1997). The species can be 
divided into two groups based on cell size and flagellar num- 
bers (Table 130). Brachyspira species with larger cell size, such 
as Brachyspira hyodysenteriae, Brachyspira innocens, Brachyspira 
intermedia, Brachyspira murdochii, and Brachyspira alvinipulli, 
have 20-30 flagella per cell. Brachyspira pilosicoli and Brachyspira 
aalborgi cells are shorter in length and have 8-12 flagella per 
cell. As with other spirochetes, the flagella attach in roughly 
equal numbers at each end of the cell (Figure 97). 

The end shapes of cells of different species vary (Table 130). 
The pointed cell ends of Brachyspira pilosicoli and Brachyspira 
aalborgi may serve in the attachment of these spirochetes to 


FIGURE 96. (a) Brachyspira alvinipulli C1" cells. (b) Brachyspira hyo- 
dysenteriae B78" cells. Phase-contrast photomicrographs of wet-mount 
preparations. Marker bars represent 10 um. (Reproduced with permis- 
sion from T.B. Stanton et al., 1998. Int. J. Syst. Bacteriol. 48: 669—676.) 
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intestinal cells (Sellwood and Bland, 1997). Outer-membrane 
proteins of pathogenic Brachyspira species are frequently the 
targets of efforts to develop vaccines against intestinal spiro- 
chete diseases (Cullen et al., 2003; Cullen et al., 2004; La et al., 
2004; McCaman et al., 2003; Trott et al., 2001, 2004). 


Nutrition and growth conditions. Various anaerobic, 
nutritionally complex broth media have been described for 
Brachyspira species (Stanton, 1997). Incubation temperatures 
are 38—40°C. Shaking or stirring of broth cultures is impor- 
tant for optimum growth. BHIS broth and Kunkle's broth are 
commonly used for routine growth of Brachyspira hyodysenteriae 
(Kunkle et al., 1986; Stanton and Lebo, 1988). Both media sup- 
port high growth yields (1-4 x 10° cells/ml, direct microscope 
counts). In BHIS broth which contains glucose as a growth sub- 
strate, the population doubling times for most Brachyspira spe- 
cies are 1—5 h (Table 130). 

HS broth (Heart infusion broth supplemented with serum) 
requires added carbohydrates to support optimum growth 
yields of Brachyspira species. Consequently, HS broth is useful 
for identifying metabolic end products (Table 130) and growth 
substrates (Table 131). NT broth, a serum-free medium with 
low protein content, supports Brachyspira hyodysenteriae growth 
(Humphrey et al., 1997). 

Brachyspira species are generally aerotolerant and able to 
grow in sealed culture broth tubes beneath atmospheres con- 
taining 1-5% O,. They will not initiate growth, however, in oxi- 
dized media, i.e., in media containing resazurin indicator dye 
that has become colored by exposure to air. A too low redox 
potential appears to be a controlling factor for Brachyspira 
hyodysenteriae growth (Stanton, 1997). This species can be dif- 
ficult to culture in stringently prepared anaerobic broth media 
unless a small amount of oxygen (1%, v/v) is introduced into 
the culture atmosphere (Stanton and Lebo, 1988). Brachyspira 
hyodysenteriae cells can be cultured in a fermenter (121) beneath 
an air atmosphere (Stanton and Jensen, 1993). 


Fermentation and growth substrates. Fermentation sub- 
strates have been identified by measuring acid production 
(medium pH decreases) in cultures to which the substrates have 
been added (Jones et al., 1986; Kinyon and Harris, 1979; Ochiai 
et al, 1998; Tompkins et al., 1986). Alternatively, carbon/ 
energy sources of the spirochetes have been directly identified 
by measuring population density increases in HS broth, a cul- 
ture medium that is growth limiting unless substrates are added 
(Table 131). The latter method is more sensitive for detect- 
ing substrates that support low growth yields. In HS broth, 
Brachyspira hyodysenteriae, Brachyspira innocens, Brachyspira inter- 
media, Brachyspira murdochii, Brachyspira pilosicoli, and Brachyspira 
alvinipulli cells use various monosaccharides, disaccharides, the 
trisaccharide trehalose, and amino sugars for growth (Table 
131). The ability to ferment p-ribose distinguishes Brachyspira 
pilosicoli strains from other Brachyspira species (Fossi and Skrzyp- 
czak, 2006). Brachyspira strains do not use polysaccharides such 
as cellulose, hog gastric mucin, pectin, or glycogen. Brachyspira 
hyodysenteriae and Brachyspira innocens contain an inducible 
sucrase activity (Jensen and Stanton, 1994). 


Cholesterol and phospholipids. Brachyspira hyodysenteriae 
requires cholesterol and phospholipid for growth (Lemcke 
and Burrows, 1980; Stanton, 1987, 1997). Cholesterol is likely 
required for outer membrane biosynthesis (Lemcke and 
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FIGURE 97. Electron micrograph of one end of Brachyspira alvinipulli 
C1" cell negatively stained with 2% phosphotungstic acid (pH 7.0). Dis- 
rupted outer sheath enables insertion sites of 15 periplasmic flagella 
to be seen (white arrowheads). Marker bar = 0.25 um. (Reproduced 
with permission from T.B. Stanton et al., 1998. Int. J. Syst. Bacteriol. 
48: 669-676.) 


Burrows, 1980; Plaza et al., 1997; Stanton, 1987; Stanton and 
Cornell, 1987). The cellular fatty acids of Brachyspira hyodysen- 
leriae are distinct from those of Borrelia and Leptospira species 
(Livesley et al., 1993). The cellular phospholipids and glyco- 
lipids of Brachyspira hyodysenteriae and Brachyspira innocens con- 
tain acyl and alkenyl side chains and the spirochetes apparently 
have some capacity for fatty acid and lipid biosynthesis 
(Matthews and Kinyon, 1984; Matthews et al., 1980a, b). 


Glucose and pyruvate metabolism. Brachyspira hyodysenteriae 
uses the Embden-Meyerhof-Parnas (EMP) pathway for convert- 
ing glucose to pyruvate. Pyruvate is catabolized by a clostridial- 
type clastic reaction to acetyl-CoA, H,, and CO,. Acetyl-CoA is 
converted to either acetate or butyrate via a branched fermen- 
tation pathway. The ATP-yielding mechanisms are substrate- 
level phosphorylation reactions mediated by phosphoglycerate 
kinase and pyruvate kinase in the EMP pathway and by acetate 
kinase in the conversion of acetyl phosphate to acetate (Stanton, 
1989, 1997). 

In Brachyspira hyodysenteriae cells, NADH-H* produced during 
glycolysis can be recycled or oxidized to NAD* by three path- 
ways: (a) 3-hydroxybutyryl-CoA dehydrogenase and butyryl- 
CoA dehydrogenase (butyrate pathway); (b) NADH-ferredoxin 
oxidoreductase plus hydrogenase; and (c) NADH oxidase 
(Stanton, 1997). The Brachyspira hyodysenteriae NADH oxidase 
is a water-forming, FAD-linked enzyme (Stanton and Jensen, 
1993) and the nox gene has been cloned (GenBank no. U19610) 
(Stanton and Sellwood, 1999). Brachyspira hyodysenteriae nox- 
defective mutant strains are sensitive to oxygen and are avirulent 
(Stanton et al., 1999). 
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TABLE 131. Brachyspira growth /fermentation substrates*” 
E 

š š ES E E E A 

x x x x x x x 
Compound a Nn ed Y a) Ez] N 
D-Glucose + + + + + + + 
D-Fructose + + + + + + d 
Sucrose nr = + + + + + 
p-Trehalose + = + + + + + 
D-Galactose + = + + + - d 
p-Mannose t + + + _ + d 
N-Acetyl-b-glucosamine nr * + + + + + 
p-Glucosamine nr + + + - - + 
p-Maltose + + + + + + d 
D-Cellobiose nr nr - + _ + + 
L-Fucose nr - - E $ + + 
Dp-Ribose* nr = = = _ _ J 
D-Xylose nr — — = = = d 
Lactose + - 4 d E + iè 
Pyruvate nr = + + + + + 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% 
positive); —, 0-15% positive; nr, not reported. 

*Fermentation substrates for Brachyspira aalborgi were determined by phenol red 
measurements of acid production (Ochiai et al., 1997). Growth substrates for the 
other six Brachyspira species were determined by monitoring culture growth in 
HS broth to which the various substrates were added. Different substrates sup- 
port different growth yields of cells. Data are for Brachyspira aalborgi NCTC 11492 
(Ochiai et al., 1997), Brachyspira hyodysenteriae strains B78", B204, and B169 (Stan- 
ton and Lebo, 1988), Brachyspira innocens B256" (Trott et al., 1996a), Brachyspira 
pilosicoli strains P43/6/78", 3295, 1648, Hrm7, Kar, WesB (Trott et al., 1996a, b), 
Brachyspira intermedia PWS/AT (Stanton et al., 1997), Brachyspira murdochii 56-1507 
(Stanton et al., 1997), and Brachyspira alvinipulli C1" (Stanton et al., 1998). In the 
original studies, additional compounds were tested and were not substrates for 
any species. 

‘In a study of swine Brachyspira isolates, p-ribose fermentation was found be a 
unique trait of Brachyspira pilosicoli strains (Fossi and Skrzypczak, 2006). 


NADH oxidase is universally present in Brachyspira species 
(Atyeo et al., 1999; Stanton et al., 1995). Brachyspira species pro- 
duce higher amounts of H, than CO,, indicative of the NADH- 
ferredoxin oxidoreductase reaction. Ethanol is produced in 
cultures of Brachyspira pilosicoli, Brachyspira alvinipulli, Brachyspira 
murdochi, Brachyspira | intermedia, and Brachyspira innocens 
(Stanton, 1989; Stanton et al., 1997, 1998; Stanton and Lebo, 
1988; Trott et al., 1996b, c). The major endproducts of glucose 
metabolism by growing cells of various Brachyspira species are the 
same as those of Brachyspira hyodysenteriae (Table 130). For this 
reason, the species are likely to have similar catabolic routes. 


Iron metabolism. Several observations suggest that spe- 
cific iron uptake mechanisms are present and are important 
for brachyspire growth in animal hosts. Brachyspira hyodysente- 
riae cells grow in broth containing an iron chelator, 2,2'-dipyri- 
dyl, and increase the expression of three unidentified high 
molecular mass proteins, >200, 134, and 109 kDa (Li et al., 
1995). A Brachyspira hyodysenteriae genome locus, designated 
bit (“Brachyspira iron transport"), encodes six proteins that are 
likely to form an iron ATP-binding transport system (Dugourd 
et al., 1999). 


Genome properties. The Brachyspira hyodysenteriae B'78* 
chromosome is circular and 3.2 Mbp (megabase pairs) in size 
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(Zuerner and Stanton, 1994). Brachyspira pilosicoli P43/6/78" 
has a circular chromosome approximately 2.4 Mb (Zuerner 
et al., 2004). The Brachyspira hyodysenteriae and Brachyspira pilosi- 
coli genomes are currently being sequenced under proprietary 
circumstances by private corporations. The genomes of the spi- 
rochetes Brachyspira hyodysenteriae, Leptospira interrogans, Borrelia 
spp., Treponema pallidum and Treponema denticola differ from one 
another in terms of chromosomal conformation (linear and cir- 
cular), chromosomal numbers (two for Leptospira interrogans), 
size (0.95—4.9 Mb), and number and arrangement of rRNA 
genes (Zuerner, 1997). 


Plasmids. Uncharacterized plasmids and extrachromo- 
somal DNAs have been reported for various Brachyspira species 
(Cattani et al., 1998; Combs et al., 1989; Turner and Sellwood, 
1997). Some of the extrachromosomal DNAs (Combs et al., 
1989; Turner and Sellwood, 1997) are likely to be DNA from 
VSH-1-like bacteriophage particles spontaneously produced 
in brachyspire cultures. Plasmid DNA was not detected for 
Brachyspira hyodysenteriae B78" (Zuerner and Stanton, 1994). 


Prophage-like gene transfer agent (VSH-1). When treated 
with mitomycin C, both Brachyspira hyodysenteriae and Brachyspira 
innocens cells lyse and release bacteriophage-like particles 
(Humphrey et al., 1995). One of these prophages was puri- 
fied from Brachyspira hyodysenteriae strain B204 cultures and was 
named VSH-1 (Humphrey et al., 1997). VSH-1 virions package 
random, 7.5 kb linear fragments of bacterial DNA. The puri- 
fied virions are noninfectious, that is, they do not lyse bacte- 
ria or form plaques, and behave like generalized transducing 
phages (Humphrey et al., 1997; Stanton et al., 2001). The 
VSH-1 genome (GenBank no. AY971355) encodes head, tail, 
and lytic proteins (Matson et al., 2005) and is 16.5 kb (substan- 
tially larger than the virion packaged DNA). Based on MLEE 
analysis of Brachyspira hyodysenteriae strains, Trott et al. (1997c) 
concluded that substantial genetic recombination, likely medi- 
ated by VSH-1 gene transfer, has shaped the overall population 
structure of this species. VSH-1 is the first natural gene transfer 
mechanism to be discovered for a spirochete. 

Bacteriophages have also been detected by electron micros- 
copy in both mitomycin C-treated and untreated cultures of 
weakly hemolytic human intestinal spirochetes (Calderaro 
et al., 1998a, b). These bacteriophages resemble VSH-1 in size 
and morphology. 


Genetic techniques — mutagenesis. Brachyspira hyodysenteriae 
strains can be mutated by allelic exchange at specific loci 
(Li et al., 2000; Rosey et al., 1995, 1996; Stanton et al., 
1999; ter Huurne et al., 1992). By this method, Brachyspira hyo- 
dysenteriae genes cloned in Escherichia coli are inactivated in vitro 
by inserting an antimicrobial (kanamycin, chloramphenicol) 
resistance marker into the gene. The constructs are then intro- 
duced as plasmids into Brachyspira hyodysenteriae cells by elec- 
troporation. The allelic exchange technique yields mutant 
strains that are isogenic, except for single genetic loci, to their 
progenitor strains. Such strains are invaluable in determining 
bacterial virulence traits. 

UV mutagenesis has been used to generate coumermycin 
Al-resistant Brachyspira hyodysenteriae strains with mutations in 
gyrB (DNA gyrase) genes (Stanton et al., 2001). Coumermycin 
resistance is an antibiotic selection marker for genetic manipu- 
lations of Brachyspira. Another useful selection marker is tylosin 
resistance. Some Brachyspira hyodysenteriae strains are naturally 
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resistant to tylosin, owing to a nucleotide base change in the 
23S rRNA gene (Karlsson et al., 1999). 


Serotype analysis. Brachyspira hyodysenteriae strains have 
been subdivided into serotypes based on the immunological 
reactivities of lipo-oligosaccharides (LOS) in hot water-phenol 
extracts of whole cells (Baum and Joens, 1979; Li et al., 1991). 
A more elaborate system of immunological identification 
assigns Brachyspira hyodysenteriae strains to serogroups and sub- 
divides the groups into serovars (Hampson et al., 1989, 1997; 
Lau and Hampson, 1992). This latter system has not been 
widely adopted because serogroups are not entirely consistent 
with genetic groupings based on MLEE analysis (Lee et al., 
1993; Trott et al., 1997a). Enzyme-linked immunosorbent assay 
(ELISA) methods based on antibodies to LOS have been used 
to detect animal herd exposure to Brachyspira hyodysenteriae 
strains (Joens et al., 1982; Wright et al., 1989). 


Antibiotic sensitivity. Brachyspira hyodysenteriae and other 
Brachyspira species are naturally insensitive to the antibiotics 
rifampin, spectinomycin, polymyxin B, and colistin at concen- 
trations which limit growth of other intestinal bacteria (Buller 
and Hampson, 1994; Messier et al., 1990; Taylor and Trott, 
1997; Trott et al., 1996c). Consequently, individual antibiotics 
or combinations of these antibiotics are useful for selectively 
culturing Brachyspira hyodysenteriae and other species (Jenkinson 
and Wingar, 1981; Kunkle and Kinyon, 1988). 

There is evidence that Brachyspira hyodysenteriae and Brachyspira 
pilosicoli strains are becoming resistant to antimicrobials used to 
treat swine dysentery and porcine intestinal spirochetosis. These 
antimicrobials belong to the macrolide (i.e., tylosin, erythromy- 
cin), lincosamide (i.e., lincomycin, clindamycin), and pleuro- 
mutilin (ie., tiamulin) classes of antibiotics (Duhamel et al., 
1998a; Karlsson et al., 2003; Lobova et al., 2004; Pringle et al., 
2006). Simultaneous resistance to both macrolide and lincos- 
amide antimicrobials results from single nucleotide base changes 
in the 23S rRNA sequences of these spirochetes (Karlsson et al., 
1999, 2004). Tiamulin resistance in a clinical isolate of Brachyspira 
hyodysenteriae has been associated with an amino acid change in 
ribosomal protein L3 (Pringle et al., 2004). 


Brachyspira diseases and virulence-associated traits. 
Brachyspira hyodysenteriae, Brachyspira pilosicoli, Brachyspira inter- 
media, and Brachyspira alvinipulli cause intestinal disease when 
inoculated into their healthy host animals (Table 130). Most 
disease-related research has focused on Brachyspira hyodysen- 
teriae, the etiologic agent of swine dysentery. Several publica- 
tions have described and reviewed brachyspire diseases from 
the viewpoints of host manifestations, clinical detection meth- 
ods, therapies, and experimental models (Barrett, 1997; Galvin 
et al., 1997; Hampson et al., 1997; Hampson and Trott, 1999; 
Harris et al., 1999; Swayne, 2003; Swayne and McLaren, 1997; 
Taylor and Trott, 1997). 


Swine dysentery (Brachyspira hyodysenteriae). Swine dys- 
entery (bloody scours or black scours) is a severe intestinal 
disease that affects piglets, primarily in the postweaning stage of 
growth (8-14 weeks after birth). The disease has been reported 
worldwide in every major pig producing country. A typical sign 
of the disease is profuse bleeding into the large bowel lumen 
through lesions induced by Brachyspira hyodysenteriae cells. 
Afflicted animals pass loose stools containing blood and mucus 
and spirochetes readily seen by microscopy. These are presump- 
tive signs of the disease. Culturing and identifying Brachyspira 


536 


hyodysenteriae cells, along with histopathological observations, 
provide conclusive evidence of swine dysentery. Up to 90-100% 
of a herd can become infected, and without effective treatment, 
20-30% of infected animals may die. Economic losses result 
from death, poor weight gain/feed efficiency, and medication 
expenses. Swine management strategies, including segregation 
by age and prophylactic administration of antibiotics (such as 
tylosin, lincomycin, and carbadox), are credited with reducing 
swine dysentery in the United States. Swine dysentery can be 
experimentally produced by feeding or intragastrically inocu- 
lating normal swine with Brachyspira hyodysenteriae cultures 
(Kennedy et al., 1988; Kinyon et al., 1977). However, the type 
strain B78" is weakly virulent and not useful for experimental 
infections (Jensen and Stanton, 1993). Various approaches have 
been used to develop whole cell or cell subunit-based vaccines 
for swine dysentery (Lee et al., 2000). A commercial vaccine 
for swine dysentery is based on pepsin-digested Brachyspira hyo- 
dysenteriae cells. The immunological properties of the vaccine 
are now being examined (Waters et al., 2000). 

Swine are the common, but not the exclusive, animal hosts 
for Brachyspira hyodysenteriae. Strains of the spirochete also have 
been isolated from juvenile rheas with a severe necrotizing 
typhlitis (Buckles et al., 1997; Jensen et al., 1996; Sagartz et al., 
1992). For experimental infections, mice (Joens and Glock, 
1979; Nibbelink and Wannemuehler, 1992; Rosey et al., 1996; 
ter Huurne et al., 1992) and 1-day-old chicks (Sueyoshi et al., 
1987) have been used. Nevertheless, nuances or inconsistencies 
are associated with the use of these surrogate animal models 
(Achacha et al., 1996; Jensen and Stanton, 1993). For this rea- 
son, conclusions regarding Brachyspira hyodysenteriae pathogen- 
esis based on alternative animal models should be confirmed 
through the use of swine infections. 

Several Brachyspira hyodysenteriae properties are putative or 
demonstrated virulence-associated traits. They include lipo- 
oligosaccharide (Greer and Wannemuehler, 1989; Nibbelink 
and Wannemuehler, 1991; Nuessen et al., 1982, 1983), hemo- 
lysin/hemolytic activity (Hsu et aL, 2001; Hutto and 
Wannemuehler, 1999; Kent et al., 1988; Lysons et al., 1991; 
Saheb et al., 1980, 1981; ter Huurne et al., 1992, 1994), chemot- 
axis/ motility (Glock et al., 1974; Kennedy et al., 1988; Kennedy 
and Yancey, 1996; Milner and Sellwood, 1994), oxygen metabo- 
lism/NADH oxidase (Stanton, 1997; Stanton and Jensen, 1993), 
and variable surface proteins (Gabe et al, 1998). The swine 
host immune response also likely contributes to the pathology 
of swine dysentery (Hontecillas et al., 2005). 

The ability to create strains with specific gene mutations 
has enabled direct evidence of a link between virulence and 
NADH oxidase activity, motility/flagella, and hemolytic activ- 
ity. Mutant strains with specific deletions of nox (Stanton et al., 
1999), flaA or flaB (Kennedy et al., 1997), or tlyA (Hyatt et al., 
1994; Joens, 1997; ter Huurne et al., 1992) are avirulent com- 
pared to their isogenic wild-type counterparts. Although //yA, 
tlyB, and tlyC were originally identified as hemolysin genes 
(Muir et al., 1992; ter Huurne et al., 1992, 1994), a subsequent 
study raises questions about that identification (Hsu et al., 
2001). 


Spirochetal colitis and spirochetal diarrhea (Brachyspira 
filosicoli).  Spirochetal colitis caused by Brachyspira pilosicoli is 
a mild to moderate diarrheal disease of swine, birds, and pos- 
sibly humans (Hampson and Trott, 1999; Swayne and McLaren, 
1997; Taylor and Trott, 1997). Spirochetal colitis of swine 
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resembles a mild case or early stage of swine dysentery. Watery, 
mucoid diarrhea and a reduction of growth rate of affected ani- 
mals are common clinical signs. The disease has been experi- 
mentally produced by inoculating pure cultures of Brachyspira 
pilosicoliinto healthy swine (Taylor and Alexander, 1971; Thom- 
son et al., 1997; Trott et al., 1996a). 

Evidence that Brachyspira pilosicoli is a pathogen of humans 
is circumstantial but multifarious. Brachyspira pilosicoli strains 
have been isolated from humans, including some (homosexual 
males and persons living in developing countries) with intes- 
tinal disorders and who are immunocompromised (Barrett, 
1997; Trott et al., 1997a, b). Human strains are virulent for 
healthy piglets (Trott et al., 1996a). A human volunteer became 
colonized after drinking cultures of Brachyspira pilosicoli strain 
Wes B (Oxberry et al., 1998). Finally, Brachyspira pilosicoli has 
been isolated from the blood of human patients (Trott et al., 
1997a). The significance and the capacity of Brachyspira pilosicoli 
cells to leave the intestinal tract and circulate throughout the 
host’s body have not been sufficiently investigated. 

Virulence factors of Brachyspira pilosicoli are unknown. By 
virtue of their location, outer-membrane proteins undoubtedly 
mediate interactions between spirochete cells and their envi- 
ronment and are logically involved in host colonization and 
virulence (Trott et al., 2001, 2004). Cell motility, chemotaxis, 
and spirochete end-on attachment to host tissues are likely to 
be associated with colonization of the intestinal tract and there- 
fore important for pathogenesis. In the absence of gross lesions, 
extensive colonization of intestinal tissues by Brachyspira pilosi- 
coli cells with associated damage to microvilli could interfere 
with intestinal absorptive processes and lead to diarrhea (Gad 
et al., 1977; Taylor and Trott, 1997). 


Avian intestinal spirochetosis. Many studies of avian intes- 
tinal infections associated with spirochetes were made before 
Brachyspira species had been characterized and taxonomically 
defined (Davelaar et al., 1986; Dwars et al., 1989; Griffiths et al., 
1987). Avian diarrheal diseases can be caused by different 
Brachyspira species (Swayne, 2003; Swayne and McLaren, 1997). 
In addition to Brachyspira pilosicoli and Brachyspira hyodysenteriae, 
Brachyspira alvinipulli C1", isolated from a diarrheic chicken, is 
a chicken enteropathogen. The CI" cells colonize the ceca of 
1-day-old chicks and 14-month-old hens and produce mild typh- 
litis with discolored and watery cecal contents (Swayne et al., 
1995). Brachyspira alvinipulli has been isolated only from poul- 
try and resembles an uncharacterized enteropathogenic spiro- 
chete (Davelaar et al., 1986). 

Brachyspira intermedia appears to be another common avian 
enteropathogen, inasmuch as spirochetes of that species have 
been isolated from birds with moderate intestinal colitis (Stephens 
and Hampson, 2001; Swayne, 2003; Swayne and McLaren, 1997). 
One-day-old chicks inoculated with pure cultures of an intestinal 
spirochete strain 1380, later identified by MLEE analysis as a 
strain of Brachyspira intermedia (Swayne and McLaren, 1997), 
shed watery feces containing spirochetes and had body weight 
reduction compared to control birds (Dwars et al., 1992). Avian 
Brachyspira intermedia strain HB60 isolated from a hen with 
diarrhea causes reduced egg production and watery feces when 
inoculated into healthy hens (Hampson and McLaren, 1999). 
A Brachyspira intermedia strain, freshly isolated from a swine herd 
with diarrhea, however, was not pathogenic for swine (Jensen 
etal., 2000). Virulence traits ofavian enteropathogenic Brachyspira 
species have yet to be determined. 
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Enrichment and isolation procedures. Brachyspira hyodysente- 
riae and other Brachyspira species can be isolated by inoculating 
intestinal contents or tissues onto solid agar culture media con- 
taining antibiotics selective for the growth of those spirochetes 
(Calderaro etal., 2001; Hovind-Hougen etal., 1982; Jenkinson and 
Wingar, 1981; Kunkle and Kinyon, 1988). Achacha and Messier 
(1992) compared various selective media and found BJ medium 
containing spiramycin, rifampin, vancomycin, colistin, and spec- 
tinomycin provided the highest rate of isolation of Brachyspira hyo- 
dysenteriae from feces of experimentally infected swine. 

Physical methods (filtration, agar migration) can be used to 
isolate Brachyspira species from intestinal contents and tissues 
(Harris et al., 1972b; Olson, 1996; Taylor and Alexander, 1971). 
These methods take advantage of the small diameter of brachyspire 
cells and their active motility in agar-containing media. 


Maintenance procedures 


Broth cultures of most Brachyspira species remain viable when 
stored at 5°C for 1-2 weeks and can be used as “working” stock 
cultures to inoculate fresh cultures for experiments. The refrig- 
erated cultures should be in exponential growth phase (approx. 
2 x 105 cells/ml, direct microscope counts). Oxygen exposure 
must be prevented for example by sealing stoppered culture 
tubes with plastic tape (3M Scotch #471) before storage. Long- 
term in vitro passage of strains (with possible loss of virulence) 
should be avoided by starting fresh working stock cultures from 
long-term stock cultures every several months. 

Agar plate cultures with colonies of Brachyspira hyodysenteriae 
can be stored at room temperature in an anaerobic atmosphere 
for at least a week. The plates should be sealed (Parafilm) to 
prevent desiccation. A slowly growing spirochete identified as 
Brachyspira aalborgi remained viable when kept at room tempera- 
ture in an anaerobic jar for over 3 months (Kraaz et al., 2000). 

For long-term storage, brachyspire broth cultures in the expo- 
nential phase of growth are harvested by centrifugation (15 min, 
5000 x g). The pelleted bacteria are resuspended at 50-100 times 
their original concentration in fresh sterile broth medium contain- 
ing dimethylsulfoxide [DMSO; 10% (v/v), final concentration]. 
The cell suspension is dispensed into Nunc cryovials (0.5-1.0 ml/ 
vial). The sealed vials are placed upright in a beaker containing 
enough 95% ethanol to equal the fluid level of the suspensions 
(and well below the tops of the cryovials). The ethanol bath 
provides a more uniform rate of freezing of the cells and, with 
the DMSO as a cryoprotectant, prevents ice crystals from dam- 
aging the bacteria. The beaker is placed in an ultra-cold freezer 
(-75°C). After 24 h, the frozen stock cultures are transferred to 
storage boxes in the freezer. After 7-10 d, a cryovial should be 
examined to insure recovery of contaminant-free brachyspire 
cells. Brachyspire cells have remained viable in frozen stocks pre- 
pared in this way for over 20 years (T.B. Stanton, unpublished 
observations). Completely thawed stocks should not be refrozen. 
However, it is often possible to subculture without thawing the 
frozen stocks, by scraping the surface of a frozen cell suspension 
with a sterile inoculation loop and inoculating fresh media with 
the ice scrapings. Brachyspira hyodysenteriae cultures also have been 
preserved by lyophilization (Stanton and Lebo, 1988). 


Taxonomic comments 


In the past 25 years, there have been several taxonomic changes 
for spirochetes now assigned to the genus Brachyspira. Initially, the 
designation Treponema hyodysenteriae was applied to both patho- 
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genic (strongly hemolytic) and nonpathogenic (weakly hemolytic) 
strains of intestinal spirochetes from swine. Miao and colleagues 
(1978) found that these pathogenic and nonpathogenic strains 
share only 28% DNA homology, and the nonpathogenic strains 
were reclassified as a new species, Treponema innocens (Kinyon and 
Harris, 1979). In 1991, Stanton et al. proposed a reclassification 
of Treponema hyodysenteriae and Treponema innocens to a new genus 
“Serpula” on the basis primarily of 16S rRNA sequence and DNA 
homology analyses. The genus name Serpula was subsequently 
changed to Serpulina after it was determined that Serpula had 
prior use as a name for a genus of fungi (Stanton, 1992). More 
recently, Ochiai et al. (1997) proposed the unification of the gen- 
era Serpulina and Brachyspira. The genus name Brachyspira was first 
given to a human intestinal isolate, Brachyspira aalborgi, in 1982 
(Hovind-Hougen et al., 1982). Due to the use of the genus name 
Brachyspira prior to the genus designation Serpulina, this proposed 
change is consistent with International Taxonomic rules govern- 
ing bacterial nomenclature. This action raised Brachyspira aal- 
borgi, currently considered a commensal member of the human 
intestinal microbiota, to the status of type species of the genus 
Brachyspira. Brachyspira aalborgi has been characterized to a lim- 
ited extent (Hovind-Hougen et al., 1982; Ochiai et al., 1997) and 
additional biochemical, physiological, and genetic investigations 
of this Brachyspira type species are needed. 

Ochiai et al. (1997) proposed the reassignment of Serpulina 
hyodysenteriae (the Serpulina type species), Serpulina innocens, and 
Serpulina pilosicoli to the genus Brachyspira. Unfortunately, prior 
to the publication of this proposal, the species Serpulina interme- 
dia and Serpulina murdochii were described and validly named 
as two new species within the genus Serpulina based on their 
similarities to Serpulina hyodysenteriae (Stanton et al., 1997). For 
taxonomic and phylogenetic reasons, Serpulina intermedia and 
Serpulina murdochii should be reassigned to the genus Brachyspira 
and a proposal has been submitted for this reassignment (T.B. 
Stanton, unpublished). Thus, both species are included in this 
section describing the genus Brachyspira. 

16S rRNA gene sequence comparisons indicate that mem- 
bers of the genus Brachyspira belong within the family Spi- 
rochetaceae and are clearly distinct from the other genera of 
spirochetes (Figure 98). Members of the genus Brachyspira clus- 
ter closely together, with several species at greater than 99% 
similarity. However, a phylogenetic tree with similar topology 
is also obtained for the phylogenetic analysis of the sequences 
of NADH (nox) genes (Mikosza et al., 2004). Other methods 
described below, such as MLEE, have been used to better dif- 
ferentiate closely related members of the genus. 


Differentiation of the species of the genus Brachyspira 


For taxonomic purposes, Brachyspira species can be differenti- 
ated by MLEE (multilocus enzyme electrophoresis) and DNA 
homology methods. In the clinical laboratory, the cultivation of 
strongly (B-) hemolytic spirochete colonies from the feces of 
dysenteric animals has been used for reliable identification 
of Brachyspira hyodysenteriae when this hemolytic type is linked to 
histopathology and animal disease signs. It is more difficult to 
differentiate “non-hyodysenteriae’ Brachyspira species, all of which 
form weakly hemolytic (nonhemolytic) colonies for several 
reasons. Nonpathogenic and pathogenic species which are both 
nonhemolytic can be present in the same clinical samples. 
Diseases caused by the weakly hemolytic species are often 
economic diseases associated with poor animal performance 


Ë Brachyspira aalborgi 
“Brachyspira ibaraki”, AB079583 
— Brachyspira strain Trb03; AF228819 


Brachyspira pilosicoli 


Brachyspira intermedia 


Brachyspira hyodysenteriae 
“Brachyspira suanatina”; DQ473577 
Brachyspira alvinipulli 
“Brachyspira pulli”; EF164986 
“Brachyspira canis”; AY349936 
Brachyspira innocens 


Brachyspira murdochii 


FIGURE 98. Dendrogram illustrating the phylogenetic positions of 
members of the genus Brachyspira. Species that have provisional names 
are indicated by quotation marks. 


rather than diseases with high mortality and severe clinical 
signs. A further complicating factor for any clinical diagnostic 
test is that additional, uncharacterized Brachyspira species are 
likely to be in the intestinal tracts of humans and animals 
(Jansson et al., 2001; Pettersson et al., 2000). 

Species differentiation based on biochemical tests (hippurate 
hydrolysis, indole production, and oa-galactosidase and f- 
glucosidase) (Table 130) and 16S rRNA based RFLP-PCR methods 
have been proposed for differentiating swine brachyspires (Fell- 
strom et al., 1995, 1997). There is growing evidence, however, that 
Brachyspira species from swine at different geographical locations 
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and from different animal species give inconsistent results in these 
biochemical tests (Fellstrom et al., 1999; Fossi et al., 2004; Stephens 
et al, 2005). Both the 165 rRNA and 23S rRNA sequences of 
Brachyspira species are highly conserved, although a 16S rRNA sig- 
nature region was identified for Brachyspira pilosicoli and has been 
used effectively in a PCR assay for that species (Park et al., 1995). 
Various PCR techniques based on the nox gene are currently being 
tested to differentiate Brachyspira species in poultry and swine (La 
et al., 2003; Rohde et al., 2002; Townsend et al., 2005). 


Further reading 


Hampson, D.J. and T.B. Stanton. 1997. Intestinal Spirochetes 
in Domestic Animals and Humans. CAB International, Wall- 
ingford. 

Hampson, D.J. and J.R. Thomson. 2004. Brachyspira research - 
special issue on colonic spirochetes of medical and veterinary 
significance. J. Med. Microbiol. 55: 263-265. 

Hampson, DJ. and DJ. Trott. 1999. Spirochetal diarrhea/porcine 
intestinal spirochetosis. Jn Diseases of Swine, 8th edn (edited by 
Straw, D'Allaire, Mengeling and Taylor). Iowa State University 
Press, Ames, pp. 553-562. 

Harris, D.L., D.J. Hampson and R.D. Glock. 1999. Swine Dys- 
entery. Im Diseases of Swine, 8th edn (edited by Straw, 
D’Allaire, Mengeling and Taylor). Iowa State University 
Press, Ames, IA, pp. 579-600. 

Stanton, T.B. 2006. Genus Brachyspira. In 'The Prokaryotes: A 
Handbook on the Biology of Bacteria, 3rd edn, vol. 7, Pro- 
teobacteria: Delta and Epsilon Subclasses. Deeply Rooting Bac- 
teria (edited by Dworkin, Falkow, Rosenberg, Schleifer and 
Stackebrandt). Springer, New York, pp. 712-740. 

Swayne, D.E. 2003. Avian intestinal spirochetosis. Im Diseases 
of Poultry, 11th edn (edited by Saif, Barnes, Fadly, Glisson, 
Mcdougald and Swayne). Iowa State University Press, Ames, 
IA, pp. 826-836. 


List of species of the genus Brachyspira 


l. Brachyspira aalborgi Hovind-Hougen, Birch-Andersen, 
Henrik-Nielsen, Orholm, Pedersen, Teglbjaerg and Thaysen 
1983, 896" (Effective publication: Hovind-Hougen, Birch- 
Andersen, Henrik-Nielsen, Orholm, Pedersen, Teglbjaerg 
and Thaysen 1982, 1135V*.) 


a.al.bor'gi. N.L. gen. n. aalborgi of Aalborg, named for the 
Danish town Aalborg in which the rectal biopsies containing 
the spirochete were taken from human diarrheic patients. 


Exhibit characteristics common to the genus Brachyspira. 
Additional characteristics ofthe species are given in Tables 130 
and 131. Electron microphotographs of Brachyspira aalborgi 
cells have been published (Hovind-Hougen et al., 1982). 
Differentiated from other Brachyspira species by DNA-DNA 
relative reassociation. Brachyspira aalborgi 513A exhibits 
17-2296 DNA-DNA relative reassociation with Brachyspira 
hyodysenteriae B78", Brachyspira innocens B256", and Brachyspira 
pilosicoli P43/6/'78* (filter hybridization method) (Ochiai 
etal., 1997). 

Weakly hemolytic colonies on trypticase soy blood agar. 
Negative for indole production and positive for esculin 
hydrolysis. Ferments soluble carbohydrates (Table 131). 
Products of glucose metabolism have not been determined. 
Possess B-galactosidase and esterase, acid phosphatase, and 
phosphoamidase activities. Catalase-negative. Brachyspira aal- 
borgi is not considered a pathogen. 


Source: human intestinal tissues and contents. 

DNA G+C content (mol % ): 27.1 (T.,) for strain 513A. 

Type strain: 513A, ATCC 43994, CIP 104603, NCTC 11492. 
Sequence accession no. (16S rRNA gene): Z22781 (NCTC 11492). 


2. Brachyspira alvinipulli Stanton, Postic and Jensen 1998, 675? 


al.vi.ni.pul'li. L. adj. alvinus -a -um suffering from diarrhea; 
L. n. pullus a young fowl, a chicken; N.L. gen. n. alvinipulli 
of a diarrhaeic chicken, referring to the host animal from 
which spirochete was isolated. 

Exhibit characteristics common to the genus Brachyspira. 
A phase-contrast microphotograph and an electron micro- 
graph of Brachyspira alvinipulli C1 cells have been published 
(Stanton et al., 1998). Additional characteristics of the spe- 
cies are given in Tables 130 and 131. Differentiated from 
other Brachyspira species by DNA-DNA relative reassociation 
and MLEE analysis. Exhibits 24-39% DNA-DNA relative 
reassociation with Brachyspira hyodysenteriae B78", Brachyspira 
innocens B256", Brachyspira pilosicoli P43/6/78", Brachyspira 
intermedia PWS/A?, and Brachyspira murdochii 56-150" based 
on the SI nuclease method (Stanton et al., 1998). 

Weakly hemolytic colonies on trypticase soy blood agar. 
Grows optimally (3 x 10? to 10? cells/ml, direct cell counts) 
at 37-39°C in BHIS broth or HS broth containing carbohy- 
drates (Table 131). Products of glucose metabolism include 
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acetate, butyrate, CO,, H,, and ethanol. Positive in tests for 
hippurate hydrolysis, B-glucosidase, B-galactosidase, alkaline 
phosphatase, indoxyl acetate hydrolysis, arginine aminopep- 
tidase, alanine aminopeptidase, and glycine aminopeptidase. 
Negative for indole production and catalase activity. 

Shares high 16S rRNA gene sequence similarity 
(96-99%) with other Brachyspira species. Intestinal pathogen 
of chickens. 

DNA G+C content (mol % ): 24.6 (T.,) (strain C1). 

Type strain: C1 (91-1207/C1), ATCC 51933, CIP 105681. 

Sequence accession no. (16S rRNA gene): U23030 (strain CI). 


. Brachyspira hyodysenteriae (Harris, Glock, Christensen and 
Kinyon 1972a) emend. Ochiai, Adachi and Mori 1998, 327‘? 
(Treponema hyodysenteriae Harris, Glock, Christensen and 
Kinyon 1972a, 64^). Other synonyms: Serpula hyodysenteriae 
(Harris, Glock, Christensen and Kinyon 1972a) Stanton, 
Jensen, Casey, Tordoff, Dewhirst and Paster 1991, 56; 
Serpulina hyodysenteriae (Harris, Glock, Christensen and 
Kinyon 19722) Stanton 1992, 189 


hyo.dy.sen.te.ri'ae. Gr. n. hyos hog, pig; L. n. dysenteria a flux, 
dysentery; N.L. gen. n. hyodysenteriae of hog dysentery. In 
recognition of the species as the etiologic agent of swine 
dysentery. 


Exhibits characteristic common to the genus Brachyspira. 
Phase-contrast photomicrographs and electron photomi- 
crographs of cells have been published (Kinyon et al., 1977; 
Trott et al., 1996b). Additional characteristics of the species 
are given in Tables 130 and 131. Differentiated from other 
Brachyspira species by DNA-DNA relative reassociation, 
MLEE analysis. Strain B78" exhibits 22% DNA-DNA relative 
reassociation with Brachyspira aalborgi NCTC 114927, based on 
the filter hybridization method (Ochiai et al., 1997). Strain 
B787 exhibits 27-57% DNA-DNA relative reassociation with 
Brachyspira innocens B256', Brachyspira pilosicoli P43/6/78', 
Brachyspira intermedia PWS/A', Brachyspira murdochii 56-1507, 
and Brachyspira alvinipulli C1", based on the S1 nuclease 
method (Stanton et al., 1998; Trott et al., 1996b). Unlike 
other Brachyspira species, Brachyspira hyodysenteriae cells form 
B-hemolytic (strongly hemolytic) colonies on trypticase soy 
blood agar and are positive for indole production. Strains 
have been differentiated according to serotypes, based on 
soluble antigens in the water phase of cells extracted with 
hot phenol-water. 

Grows at 37-39*C in a variety of anaerobically prepared 
culture broth media, attaining population densities 210? 
cells/ml (direct cell counts), under optimum conditions. 
Cholesterol in nutrient amounts is required for growth, pre- 
sumably for cell membrane biosynthesis. Uses carbohydrates 
as growth substrates (Table 131). Products of glucose metab- 
olism include acetate, butyrate, CO,, and H,. Although con- 
sidered an anaerobic species, growing cells under certain 
conditions require low (1%) oxygen tensions and consume 
substrate amounts of oxygen. 

Cells possess NADH oxidase, superoxide dismutase, NADH 
peroxidase, and inducible catalase activities. Hydrogen is 
produced via a clostridial-type phosphoroclastic mechanism 
and via NADH-ferredoxin oxidoreductase. Exhibits alkaline 
phosphatase, C4 esterase, C8 esterase, lipase, phosphatase 
acid, B-galactosidase, a-glucosidase, and [--glucosidase activi- 
ties. Positive for esculin hydrolysis and most strains positive 
for indole production. 


Isolated from intestinal contents and feces of swine, rheas, 
and other mammals (dogs) in contact with dysenteric feces. 
Brachyspira hyodysenteriae is an intestinal pathogen of swine 
and rheas. Brachyspira hyodysenteriae cells colonize within and 
between intestinal epithelial cells and the overlying intes- 
tinal mucus without cell attachment. The type strain B78 
has become nonpathogenic for swine likely due to long- 
term passage in culture. Strain B204 (ATCC 31212) has 
commonly been used in the United States for experimental 
swine infections. 

DNA G+C content (mol % ): 25.725.996 (T) for strains B204 
and Al. 

Type strain: B78, ATCC 27164, CCUG 46668, NCTC 
13041. 

Sequence accession no. (16S rRNA gene): M57743, U14930 
(B78). 


. Brachyspira innocens (Kinyon and Harris 1979, 108) emend. 


Ochiai, Adachi and Mori 1998, 327°" (Treponema innocens 
Kinyon and Harris 1979, 108^). Other synonyms: Serpula 
innocens (Kinyon and Harris 1979) Stanton, Jensen, Casey, 
Tordoff, Dewhirst and Paster 1991, 56; Serpulina innocens 
(Kinyon and Harris 1979) Stanton 1992, 189 


in'no.cens. L. fem. adj. innocens harmless, inoffensive (refer- 
ring to non-pathogenic nature of the species for swine). 


Exhibit characteristics common to the genus Brachyspira. 
Additional characteristics of the species are given in Tables 
130 and 131. Differentiated from other Brachyspira species by 
DNA-DNA relative reassociation and MLEE analysis. Strain 
B256 exhibits 19% DNA-DNA relative-reassociation with 
Brachyspira aalborgi NCTC 11492, based on the filter hybrid- 
ization method (Ochiai et al., 1997). Strain B256 exhibits 
26-66% relative reassociation with Brachyspira hyodysenteriae 
B78", Brachyspira pilosicoli P43/6/78", Brachyspira intermedia 
PWS/A', Brachyspira murdochii 56-150", and Brachyspira alvi- 
nipulli C1" based on the S1 nuclease method (Stanton et al., 
1998; Trott et al., 1996b). 

Weakly hemolytic colonies on trypticase soy blood agar. 
Uses carbohydrates as growth substrates (Table 131). Grows 
optimally (9 x 10° to 1.5 x 10° cells/ml, direct counts) at 
37-39*C in BHIS broth or HS broth containing carbohydrates 
(Table 131). Products of glucose metabolism include acetate, 
butyrate, CO,, H,, and ethanol. Population doubling times 
are 3-5 h. Does not produce indole, hydrolyzes esculin. 

Brachyspira innocens is not considered a pathogen. 

Source: intestinal contents of healthy pigs, dogs, chickens. 

DNA G+C content (mol % ): 25.6-25.8% (T) (strain B256). 

Type strain: B256, ATCC 29796, CCUG 17081. 

Sequence accession no. (16S rRNA gene): M57744 (strain 
B256). 


. Brachyspira intermedia (Stanton, Fournié-Amazouz, Postic, 


Trott, Grimont, Baranton, Hampson and Saint Girons 1997) 
emend. Hampson and La 2006, 1011 P (Serpulina intermedia 
Stanton, Fournié-Amazouz, Postic, Trott, Grimont, Baran- 
ton, Hampson and Saint Girons 1997, 1011) 


in.ter.me'di.a. L. fem. adj. intermedia which is in the middle, 
referring to the fact that biochemical traits are intermediate 
between those possessed only by Brachyspira hyodysenteriae or 
by Brachyspira innocens. 


Exhibit characteristics common to the genus Brachyspira. 
Additional characteristics of the species are given in Tables 
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130 and 131. Differentiated from other Brachyspira species 
by DNA-DNA relative reassociation and MLEE analysis. Also 
called “Serpulina intermedius’. Some intestinal spirochetes 
referred to as “Treponema hyodysenteriae biotype 2” or “inter- 
mediate type” may be Brachyspira intermedia strains. Strain 
PWS/A exhibits 26-68% DNA-DNA relative reassociation 
with Brachyspira hyodysenteriae B78", Brachyspira innocens B2567, 
Brachyspira pilosicoli P43/6/78", Brachyspira murdochii 56-1507, 
and Brachyspira alvinipulli C1", based on the S1 nuclease 
method (Stanton et al., 1997, 1998). 

Weakly to “intermediate” hemolytic colonies on trypticase 
soy blood agar. Uses carbohydrates as growth substrates (Table 
131). Grows optimally (1.1 x 10° to 1.6 x 10° cells/ml, direct 
counts) at 37-39*C in BHIS broth or HS broth containing 
carbohydrates (Table 131). Products of glucose metabolism 
include acetate, butyrate, CO,, H,, and ethanol. Hydrolyzes 
esculin. Does not hydrolyze hippurate. Lacks a-galactosidase 
and possesses a-glucosidase and p-glucosidase activities. 

Brachyspira intermedia strains have been isolated from 
swine, including swine with diarrhea and from commercial 
poultry flocks exhibiting diarrhea. Avian intestinal infections 
by Brachyspira intermedia are aptly described as “economic 
disease" due to production losses in flocks. Birds colonized 
by Brachyspira intermedia typically do not die and may even 
appear healthy. There is some thought that disease severity 
is either strain related or influenced by the animal diet or 
other environmental factors. 

DNA G+C content (mol 96): 25 (T) (strain PWS/AT). 

Type strain: PWS/ AT, ATCC 51140, CIP 105833. 

Sequence accession no. (16S rRNA gene): U23033 (strain 
PWS/A). 


. Brachyspira murdochii (Stanton, Fournié-Amazouz, Postic, 
Trott, Grimont, Baranton, Hampson and Saint Girons 1997) 
emend. Hampson and La 2006, 1011V* (Serpulina intermedia 
Stanton, Fournié-Amazouz, Postic, Trott, Grimont, Baran- 
ton, Hampson and Saint Girons 1997, 1011) 


mur.do'chi.i. N.L. masc. gen. n. murdochii of Murdoch, named 
in recognition of work conducted at the Murdoch University 
in Western Australia where the type strain was identified. 


Exhibit characteristics common to the genus Brachyspira. 
Additional characteristics of the species are given in Tables 
130 and 131. Differentiated from other Brachyspira species by 
DNA-DNA relative reassociation and MLEE analysis. Strain 
56-150" exhibits 27-66% DNA-DNA relative reassociation 
with Brachyspira hyodysenteriae B78", Brachyspira innocens B2567, 
Brachyspira pilosicoli P43/6/78', Brachyspira intermedia PWS/ 
At, and Brachyspira alvinipulli C1", based on the S1 nuclease 
method (Stanton et al., 1997, 1998). 

Weakly hemolytic colonies on trypticase soy blood agar. 
Grows optimally (9 x 10? to 1.5 x 10° cells/ml, direct counts) 
at 37-39°C in BHIS broth or HS broth containing carbohy- 
drates (Table 131). Products of glucose metabolism include 
acetate, butyrate, CO,, H,, and ethanol. Does not produce 
indole. Does not hydrolyze hippurate. Cells lack o-galactosi- 
dase, a-glucosidase, and possess p-glucosidase activities. 
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Not considered a pathogen. 

Source: Intestinal contents of healthy swine and rats. 

DNA G+C content (mol96): 27 (T..) (strain 56-150). 

Type strain: 56-150, ATCC 51254, CIP 105832, DSM 12563. 

Sequence accession no. (168 rRNA gene): AY312492 (strain 
56-150). 


7. Brachyspira pilosicoli (Trott, Stanton, Jensen, Duhamel, 


Johnson and Hampson 1996b) emend. Ochiai, Adachi and 
Mori 1998, 327°” (Serpulina pilosicoli Trott, Stanton, Jensen, 
Duhamel, Johnson and Hampson 1996b, 213) 


pilo.si'co.li. L. adj. pilosus -a -um hairy, napped, shaggy; 
L. n. colon or colum the colon; N.L. gen. n. pilosicoli, of a hairy 
colon (referring to the fact that infection and attachment 
by this intestinal spirochete can result in the histological 
appearance of a hairy covering, false brush border, on the 
surface of the colon). 


Exhibit characteristics common to the genus Brachyspira. 
Additional characteristics of the species are given in Tables 
130 and 131. Phase-contrast photomicrographs and electron 
microphotographs of Brachyspira pilosicoli cells have been 
published (Trott et al., 1996b). Differentiated from other 
Brachyspira species by DNA-DNA relative reassociation, 
MLEE analysis, and by a signature nucleotide sequence 
(5'-AGUUUUUUCGCUUCA-3’) in the 16S rRNA. The 16S 
rRNA signature sequence has been useful in clinical identifi- 
cation of Brachyspira pilosicoli. Alternative designations are 
Anguillina coli and Serpulina pilosicoli. Strain P43/6/78 exhibits 
17% DNA-DNA relative reassociation with Brachyspira 
aalborgi NCTC 11492 based on the filter hybridization 
method (Ochiai et al., 1997). Strains P43/6/78 and WES-B 
exhibit 21-28% DNA-DNA relative reassociation with 
Brachyspira hyodysenteriae B78', Brachyspira innocens. B256", 
Brachyspira intermedia PWS/ A7, Brachyspira murdochii 56-150", 
and Brachyspira alvinipulli C1", based on the S1 nuclease 
method (Stanton et al., 1997, 1998). 

Weakly hemolytic colonies on trypticase soy blood agar. 
Grows optimally (1.5 x 10? to >2.0 x 10? cells/ml, direct 
counts) at 37-39°C in BHIS broth or HS broth containing 
carbohydrates (Table 131). Products of glucose metabolism 
include acetate, butyrate, CO,, H,, and ethanol. Strains lack 
B-glucosidase activity. 

Brachyspira pilosicoli is considered an intestinal pathogen, 
the etiological agent of intestinal spirochetosis. Isolated from 
swine with watery, mucoid diarrhea. Swine intestinal spiro- 
chetosis clinically resembles early, mild stages of swine dys- 
entery. Typical of the disease is the attachment of Brachyspira 
pilosicoli cells by one end to colonic epithelial cells. Brachyspira 
pilosicoli has been found in intestinal contents of birds, dogs, 
humans, and non-human primates. Brachyspira pilosicoli is 
being investigated as a possible enteropathogen of humans, 
dogs, and poultry. 

DNA G+C content (mol % ): 95 + 1 (T) (strain P43/6/78). 

Type strain: P43/6/78, ATCC 51139. 

Sequence accession no. (16S rRNA gene): U23032 (strain 
P43/6/78). 


Other organisms 


There are reports of intestinal spirochetes that are likely to 
represent new Brachyspira species based on their MLEE pro- 
files and comparative analyses of 16S rRNA and NADH oxi- 


dase genes (Mikosza et al., 2004). The strains have only been 
partially characterized and some have been given provisional 
designations. For example, there are dog-associated spirochetes 
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“Brachyspira canis” (Duhamel et al., 1998b), chicken-associated 
spirochetes “Brachyspira pull? also known as group “d” spiro- 
chetes (McLaren et al., 1997; Stephens and Hampson, 1999), 
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Family Ill. Brevinemataceae fam. nov. 


Bruce J. PASTER 


Bre.vi.ne.ma.ta.ce’ae. N.L. fem. n. Brevinema -atos type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Brevinemataceae the Brevinema family. 


The family Brevinemataceaewas circumscribed for this volume on 
the basis of phylogenetic analysis of 16S rRNA gene sequences. 
The family contains only one genus, Brevinema. 


Description is the same as for the genus Brevinema. 
Type genus: Brevinema Defosse, Johnson, Paster, Dewhirst 
and Fraser 1995, 83V", 


Genus |. Brevinema Defosse, Johnson, Paster, Dewhirst and Fraser 1995, 83"P 


Bruce J. PASTER 


Bre.vi. ne'ma. L. adj. brevis short; Gr. neut. n. nema thread; N.L. neut. n. Brevinema a short thread. 


Helical cells are 0.2-0.3 um in diameter by 4-5 um in length, 
displaying one to two helical turns. Irregular wavelengths of 
the cells range from 2 to 3 um. Sheathed periplasmic flagella 
are in a 1:2:1 arrangement. No cytoplasmic tubules have been 
observed. Cells are motile by flexing, rotation, and translation. 
Microaerophilic, host-associated, isolated from blood and other 
tissues of short-tailed shrews (Blarina brevicauda) and white- 
footed mice (Peromyscus leucopus). Infectious for laboratory 
mice and Syrian hamsters. 

DNA G+C content (mol % ): 34-36 (T). 

Type species: Brevinema andersonii Defosse, Johnson, Paster, 
Dewhirst and Fraser 1995, 83W. 


Further descriptive information 


Strains of Brevinema andersonii are homogeneous as based on 
enzymic, protein profile, and immunoblot data. Furthermore, 
there are no significant differences in fatty acid composition 
among the strains analyzed (Defosse et al., 1995). The major 
fatty acid components of Brevinema cells are myristic acid (C,,,), 
palmitic acid (C,,,), and oleic acid (C,, ,) with smaller amounts 
of stearic acid (C ṣo) and linoleic acid (C,,.,). Several fatty acids 
are present at low levels (less than 1%). Restriction enzyme 
analysis and SDS-PAGE patterns also demonstrate little or 
no differences among strains. Consequently, it was suggested 
that Brevinema andersonii represents a genetically homologous 
group, despite the diverse hosts and different geographic ori- 
gins (Defosse et al., 1995). 


Enrichment and isolation procedures 


Brevinema andersoni has been isolated from blood and other 
tissues of the short-tailed shrew and the white-footed mouse 
using Shrew-Mouse Spirochete medium under microaerophilic 
conditions (Defosse et al., 1995). Fetal bovine serum, reducing 
agents, and peptones are required for growth. Neither supple- 
mental bovine serum albumin, Macetylglucosamine, nor pyru- 
vate is required for growth. Optimal growth is at 30-34°C at pH 
7.4 with a generation time of 11-14 h. 


Differentiation of the genus Brevinema from other genera 


Brevinema andersonii is serologically distinct from other spiro- 
chetes (Anderson et al., 1987; Defosse et al., 1995). There is little 
or no DNA-DNA hybridization between Brevinema andersonii and 
members of other spirochetal genera using Southern blot analy- 
sis (LeFebvre and Perng, 1989; LeFebvre et al., 1989). At the spe- 
cies level, Brevinema andersonii is differentiated using restriction 
enzyme analysis, SDS-PAGE, or fatty acid composition. 


Taxonomic comments 


Brevinema andersoni is the only named species for the genus. 
Based on 16S rRNA gene sequence comparisons, Brevinema 
belongs within the family Spirochetaceae and is clearly distinct 
from the other genera of spirochetes (Paster and Dewhirst, 
2000). 16S rRNA sequences of Brevinema andersonii do not pos- 
sess a 20- to 30-base extension at the 5' end, which is typical 
of 16S rRNA sequences of species of Treponema, Spirocheta, Lep- 
tospira, and Leptonema (Defosse et al., 1995; Paster et al., 1991). 


List of species of the genus Brevinema 


l. Brevinema andersonii Defosse, Johnson, Paster, Dewhirst 
and Fraser 1995, 83” 


an.der.so’ni.i. N.L. masc. gen. n. andersonii of Anderson, named 
for John F. Anderson, who first described the organism. 


The characteristics are as described for the genus. Chemo- 
organotrophic. Microaerophilic and catalase-negative. Growth 
occurs in modified BSK medium at an optimal growth tem- 
perature of 30-34°C and an optimal pH of 7.4; under these 
conditions the generation time is 11-14 h. Does not grow at 


25°C. Exhibits the following enzymic activities: C4, C5, C6, 
C8, C9, and C10 esterases, C4 esterase lipase, alkaline phos- 
phatase, acid phosphatase, and B-glucuronidase. 

Source: tissues of a short-tailed shrew (Blarina brevicauda) 
captured in West Haven, Connecticut, USA (Anderson et al., 
1987). 

DNA G+C content (mol% ): 34-36 (T). 

Type strain: ATCC 43811, CT11616. 

Sequence accession no. (16S rRNA gene): M59179. 
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Family IV. Leptospiraceae Hovind-Hougen 1979, 245^- emend. Levett, Morey, Galloway, 
Steigerwalt and Ellis 2005, 1499 


RICHARD L. ZUERNER 


Lep.to.spi.ra.ce’ae. N.L. fem. n. Leptospira type genus of the family; -aceae ending to denote a family; 
N.L. fem. pl. n. Leptospiraceae the Leptospira family. 


Helical cells, 0.1-0.3 um in diameter and 3.5-20 um in length. 
Cells have right-handed helical conformation. Cells at rest and 
those that are fixed have hooked ends. Actively motile cells have 
a spiral anterior end and a hook at the posterior end of the cell. 
One periplasmic flagellum (historically also referred to as axial 
filaments, endoflagella, or flagella), is inserted subterminally at 
each end of cell, but flagella rarely overlap in the center of the 
cell. Periplasmic flagella lie along the helix axis. The diamino 
acid in peptidoglycan is 0,€-diaminopimelic acid. 

Obligate aerobes or microaerophilic. Chemoorganotrophic. 
Utilize long-chain fatty acids and fatty alcohols as carbon and 
energy sources. Do not use carbohydrates/amino acids as car- 
bon or energy sources. 

Free-living or in association with animal and human hosts. 
Some species are pathogenic. 

Species examined by 16S rRNA sequence analysis are distinct 
from members of Spirochetaceae. 

DNA G+C content (mol 96): 33-53. 

Type genus: Leptospira Noguchi 1917, 755*". 


Key to the genera of the family Leptospiraceae 
1. DNA G«C content (mol%) is 33-43% (T. and genomic 


sequence analysis). Cells are 0.1 um in diameter and 6-20 um 
in length. Aerobe or microaerophilic. Long-chain fatty acids 


and long-chain fatty alcohols serve as carbon and energy 


sources. Free-living in aquatic environments, including mud, 
sediments, and water of ponds, lakes, and streams. May be 
found in fresh water and marine environments. Some spe- 
cies are found in association with animals. Some species are 
pathogenic. 

—Genus I. Leptospira 


2. DNA G+C content (mol%) is 54% (T and Bd).Cells are 
0.1-0.2 um in diameter and 13-15 um in length, with wave- 
length of 0.7 um. Aerobe. Long-chain fatty acids and long- 
chain fatty alcohols serve as carbon and energy sources. Can 
grow on trypticase broth. Free-living in aquatic environ- 
ments, including mud, sediments, and water of ponds, lakes, 
and streams. May be found in fresh water and marine envi- 
ronments. Type strain was found in association with animals 
(cattle). Nonpathogenic for hamsters. 

—Genus II. Leptonema 


3. DNA G+C content (mol%) is 48% (T and Bd). Cells are 0.3 
um in diameter and 3.5-7.5 um in length, with wavelength 
of 0.3-0.5 um. Obligate aerobe. One periplasmic flagellum. 
Long-chain fatty acids and long-chain fatty alcohols serve as 
carbon and energy sources. Oxidase-positive. Found in tap 
water and in association with animals. Not pathogenic for 
hamsters. 

—Genus III. Turneriella 


Genus |. Leptospira Noguchi 1917, 755^ emend. Faine and Stallman 1982, 461 


RicHARD L. ZUERNER 


Lep.to.spi'ra. Gr. adj. leptos thin, narrow, fine; L. fem. n. spira a coil, helix; N.L. fem. n. Leptospira a thin helix 


or coil, referring to the morphology of the bacterium. 


Leptospira are long, thin, flexible rods, 0.1 um in diameter and 
6-12 um in length, with a regular right-handed helical coiling 
pattern (Carleton et al., 1979). These bacteria are unicellular 
but may be observed as dividing pairs or short chains of three 
or more cells in actively growing cultures. Resting stages are not 
known, but long term survival in water, with the appearance of 
aggregates has been described (Trueba et al., 2004). Spherically 


shaped cells form under unfavorable growth conditions. Bacte- 
ria stain as Gram-negative. Due to the small diameter of these 
bacteria, unstained cells are not visible by bright-field micros- 
copy. Dark-field or phase-contrast microscopy is required for 
visualization of unstained cells. These are highly motile aero- 
bic or microaerophilic bacteria. Optimum growth temperature 
is 28-30°C, with a generation time of 6-16 h, although many 


GENUS |. LEPTOSPIRA 


primary pathogenic isolates may grow slower. Chemoorgan- 
otrophic bacteria that consume long-chain fatty acids and 
alcohols as primary carbon and energy sources, and carry out 
respiration with oxygen as the terminal electron acceptor. Opti- 
mal growth occurs in semi-solid (0.1-0.2%) agar media. Growth 
on 1-2% solid agar results in the formation of clear to turbid 
surface or subsurface colonies. Colony formation is enhanced 
by the addition of pyruvate. Oxidase, catalase, and/or perox- 
idase-positive. Some strains are p-hemolytic. Some strains are 
pathogenic for humans and animals, while other strains are 
saprophytic and found in freshwater and marine environments. 
The genus Leptospira forms a deep unique branch of spiro- 
chetes, separate from other genera based on comparison of 16S 
rRNA gene sequences. Species are differentiated by DNA-DNA 
relative reassociation analysis and by unique sequence polymor- 
phisms in 16S rRNA. 

DNA G+C content (mol 96): 35-43. 

Type species: Leptospira interrogans (Stimson 1907) Wenyon 
1926, 1281 emend. Faine and Stallman 1982, 462 (Spirochaeta 
interrogans Stimson 1907, 541). 


Further descriptive information 


Taxonomic history The taxonomy of Leptospira has under- 
gone substantial revisions in the past 20 years with the use of 
16S rRNA sequence comparison and DNA-DNA reassociation 
studies. DNA-DNA reassociation studies helped differentiate 
pathogenic and saprophytic species (Haapala et al., 1969). 
Subsequent studies by Brendle et al. (1974), Ramadass et al. 
(1992), and Yasuda et al. (1987) helped to revise and bet- 
ter define Leptospira species. The key paper by Brenner et al. 
(1999) compared 308 strains of Leptospira, leading to a refined 
definition of 12 different species and identification of five new 
genomospecies, one of which was given the designation Lep- 
tospira alexanderi. One of the species included in the Brenner 
et al. (1999) study was Leptospira parva, originally described by 
Hovind-Hougen et al. (1981). Due to extensive DNA sequence 
and 16S rRNA differences from other Leptospira species and 
to the difference from Leptonema illini, it was placed in a new 
genus of Leptospiraceae, Turneriella parva (Levett et al., 2005). 
Three new Leptospira species have been described, Leptospira 
broomii (Levett et al., 2006), Leptospira licerasiae (Matthias et al., 
2008), and Leptospira wolffii (Slack et al., 2008). Thus, at the cur- 
rent time, the genus Leptospira contains 15 named species and 
the Subcommittee on the taxonomy of Leptospiraceae has recom- 
mended names for four genomospecies identified by Brenner 
et al., (1999) (Levett and Smythe, 2008). 

Following the initial use of 16S rRNA sequence comparisons 
to define taxonomic relationships among spirochete genera 
(Paster et al., 1984, 1991); Hookey et al. (1993) expanded these 
analyses to help differentiate Leptospira species and differentiate 
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the genera Leptonema and Leptospira. Comparison of 16S rRNA 
sequencesand DNA-DNA reassociation studies suggest the pres- 
ence of three groups of pathogenic species; Group I contains 
Leptospira interrogans and Leptospira kirschneri, Group II contains 
Leptospira weilii, Leptospira borgpeterseni, and Leptospira santa- 
rosai, and Group III contains Leptospira noguchi and Leptospira 
meyeri (Hookey, 1993). There are five species having intermedi- 
ate pathogenicity: Leptospira fainei, Leptospira inadai, Leptospira 
broomi, Leptospira licerasiae, and Leptospira wolffii. The latter three 
species were recently recognized by the Subcommittee on the 
taxonomy of Leptospiraceae (Levett and Smythe, 2008). Sapro- 
phytic species include Leptospira biflexa and Leptospira wolbachii 
(Yasuda et al., 1987). The status of Leptospira meyeri is unclear 
because strains fit into both saprophytic (Yasuda etal., 1987) and 
pathogenic groups (Hookey et al., 1993; Victoria et al., 2008). 
Many of the diverse free-living strains of Leptospira described 
by Ramadass et al. (1992) and halophiles described by Cinco 
et al. (1975) were not included in the study by Brenner et al. 
(1999), so the taxonomic status of these strains is unknown. 
Brenner et al. (1999) discovered and described four Leptospira 
genomospecies tentatively named Leptospira alstonii (genomo- 
species 1), Leptospira vanthielii (genomospecies 3), Leptospira 
terpstrae (genomospecies 4), and Leptospira yanagawae (genomo- 
species 5) (Levett and Smythe, 2008). 


Cell morphology, motility, and ultrastructure. Leptospira 
cells are typically visualized by dark-field light microscopy due 
to their long slender cell dimensions. The basic cell morphol- 
ogy of Leptospira resembles other members of the order Spiro- 
chetales, Leptospira species typically appear as long helical cells 
with loose coils (Figure 99). One flagellum is inserted subtermi- 
nally at each end of the cell and lies along the helix axis in the 
periplasmic space (Goldstein et al., 1996). Scanning electron 
microscopic analysis shows these cells form right-handed heli- 
ces, and helical handedness may affect cell motility (Carleton 
etal., 1979). During translational movement, the trailing end of 
the cell bends to form a hook thought to function as a propel- 
ler, with the leading end maintaining a spiral twist, guiding the 
forward movement of the bacterium (Charon et al., 1984; Cha- 
ron et al., 1981). Translational movement increases with the 
viscosity of the medium (Greenberg and Canale-Parola, 19772, 
b), a finding that suggests these bacteria are viscotaxic (Petrino 
and Doetsch, 1978). 

Leptospira have a typical spirochete ultrastructure, having an 
outer membrane surrounding a protoplasmic cylinder. The cell 
wall contains peptidoglycan containing the diamino acid alpha, 
epsilon diaminopimelic acid (Azuma et al., 1975). Two flagella 
(also referred to as axial filaments) are inserted subterminally 
at each end of the cell, and wrap around the protoplasmic cyl- 
inder in the periplasmic space. The ends of the flagella rarely 
overlap near the midpoint of the cell. The outer membrane is 
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FIGURE 99. Transmission electron micrograph of Leptospira biflexa serovar Patoc. Bar = 500 nm. 
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loosely attached to the cell and easily removed by detergents 
(Haake et al., 1991; Zuerner et al., 1991). Rapid displacement 
of antibody-coated latex beads adhered to Leptospira cells sug- 
gests the outer membrane is quite fluid (Charon et al., 1981). 


Outer membrane composition. Protein composition of 
the Leptospira outer membrane varies depending on virulence 
and growth conditions. For example, few proteins have been 
detected on the surface of virulent Leptospira kirschneri, while 
outer-membrane protein density is substantially higher in avir- 
ulent strains (Haake et al., 1991). LipL36 is expressed under 
normal in vitro growth conditions, but down-regulated during 
mammalian infection (Haake et al., 1998). Changes in osmolar- 
ity also alter outer-membrane protein expression. For example, 
expression of LigA and LigB, two bacterial immunoglobulin- 
like proteins increase as osmolarity rises (Choy et al., 2007; Mat- 
sunaga et al., 20072, b; Matsunaga et al., 2005). 

Under normal in vitrogrowth, the most predominant proteins 
on the surface of pathogenic Leptospira are LipL32, LipL21, and 
LipL41 (Cullen et al., 2002, 2003, 2005). LipL32 is the major 
outer-membrane protein and is unique to pathogenic Leptospira 
species. LipL32 is heat labile and, in the absence of calcium 
ions, is degraded by an endogenous protease to two smaller 
peptides (Haake et al., 2000; Zuerner et al., 1991). Although 
the original report describing LipL21 identified this protein as 
unique to pathogenic Leptospira species (Cullen et al., 2003), 
genome analysis of the Leptospira biflexa genome revealed the 
presence of a gene encoding a protein with extensive similar- 
ity to LipL21 (Picardeau et al., 2008). Protein OmpLI is an 
integral transmembrane porin (Haake et al., 1993). Access to 
genomic sequences for three species of Leptospira, including 
two pathogenic species, has resulted in cloning and analysis of 
many previously unknown outer-membrane proteins. Of par- 
ticular interest are proteins from pathogenic strains that inter- 
act with the host. LigA and Lsa24 (also referred to as LfhA) 
bind extracellular matrix proteins (Barbosa et al., 2006; Choy 
et al., 2007), and Lsa24 binds complement factor H (Verma 
et al., 2006). 

The leptospiral LPS is thought to be the primary antigen 
associated with determining serovar, and variation in LPS 
biosynthetic genes may occur via lateral transfer (de la Pena- 
Moctezuma et al., 1999) or mutation (Zuerner and Trueba, 
2005), resulting in expression of antigenically distinct LPS. 
Leptospiral LPS is not as complex in structure as often found 
in typical Gram-stain-negative bacteria, and does not resolve as 
a ladder of variable sized products during polyacrylamide gel 
electrophoresis. Purified leptospiral LPS activates mouse cells 
via TLR2 and TLR4 (Nahori et al., 2005; Werts et al., 2001). 
Purified Leptospira interrogans Lipid A, the membrane anchor 
for LPS, does not induce Limulus amebocyte lysates to gel 
(Nahori et al., 2005; Que-Gewirth et al., 2004). The Leptospira 
interrogans lipid A has unusual features including a methylated 
1-phosphate group (Nahori et al., 2005). 


Nutrition and growth conditions. Leptospira are obligate aer- 
obes but vary greatly in their ability to grow in vitro. Although 
many Leptospira can grow in a defined medium of relatively 
simple composition referred to as EMJH (Ellinghausen and 
McCullough, 1965; Johnson and Harris, 1967a), addition of 
rabbit serum is often necessary for growth of many pathogenic 
strains, and early attempts to grow Leptospira utilized media rich 
in rabbit serum (Fletcher, 1928; Stuart, 1946). Growth yields in 
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EMJH media vary from 3 to 5 x 10? to ~10" cells/ml, with gen- 
eration times of 6-16 h, depending on the strain. Leptospira con- 
sume long chain fatty acids or alcohols as primary carbon and 
energy sources, which are metabolized by beta-oxidation (Base- 
man and Cox, 1969; Henneberry and Cox, 1970). Fatty acids 
are commonly added to Leptospira media preparations through 
the addition of polysorbate (e.g., Tweens), nonionic detergents 
derived from long chain fatty acids. Tween 80, predominantly 
containing oleic acid, is used most commonly, but addition of 
Tween 40 (primarily palmitic acid) and/or Tween 60 (primarily 
steric acid) can be useful to support growth of fastidious strains 
of Leptospira (e.g., Leptospira borgpetersenii serovar Hardjo) 
(Ellinghausen, 1983). Leptospiral media often contains purified 
bovine serum albumin to bind free fatty acids and reduce their 
toxicity. Protein-free media for growth of some strains of Lep- 
tospira have been reported (Bey and Johnson, 1978; Shenberg, 
1967), but these media do not support prolonged propagation 
of many pathogenic species. Vitamins B, and B,, are typically 
included in the growth medium for Leptospira. However, Lep- 
tospira synthesize heme (Guegan et al., 2003), consistent with 
possessing vitamin B,, biosynthesis genes. Furthermore, de novo 
synthesis of B,, may be required as genomic analysis suggests 
Leptospira may be deficient in the ability to transport exogenous 
B,, (Rodionov et al., 2003). Ammonium is provided by addition 
of ammonium salts to the media as amino acids do not appear 
to be a significant source of ammonia for Leptospira (Johnson 
and Rogers, 1964c). Leptospira appear to synthesize all amino 
acids except isoleucine by standard pathways (Charon et al., 
1974). Isoleucine is synthesized either by the standard pathway, 
being derived from threonine, or by a pathway involving con- 
densation of pyruvate with acetyl-S-coenzyme A (Charon et al., 
1974). Leptospira synthesize isoleucine either by a combination 
of threonine and pyruvate pathways or by exclusive use of the 
threonine or pyruvate pathways (Westfall et al., 1983). Exoge- 
nous purines are incorporated by Leptospira (Johnson and Rog- 
ers, 1964a). However, Leptospira do not incorporate exogenous 
pyrimidines, thus incorporation of pyrimidine analogs such as 
5-fluorouracil is a useful method for suppressing the growth of 
other bacteria and providing an enrichment method for isolat- 
ing Leptospira (Johnson and Rogers, 1964b). Iron is required 
for growth of Leptospira (Faine, 1959) and is usually supplied as 
iron sulfate in the media. Recent analysis of iron transport in 
Leptospira revealed that iron sulfate-free media supports growth 
of Leptospira interrogans, presumably by supplying trace iron, 
but Leptospira biflexa requires addition of exogenous iron to the 
media for growth (Louvel et al., 2006). 

Leptospira are rarely grown on agar plate media due to 
their slow growth. Colony formation can be observed in about 
10 days for saprophytic species, but it may take 6-8 weeks for 
pathogenic species to form colonies. Colonies are diffuse, non- 
pigmented, clear to turbid, and may form below the surface. 
Growth, especially on solid agar media, is enhanced by the addi- 
tion of pyruvate (Johnson et al., 1973). Optimal growth condi- 
tions include pH 7.2-7.4, 30°C, and media containing low salt 
(17-60 mM), although halophilic strains require 0.22-0.44 M 
for growth (Cinco and Cociancich, 1975). 


Genome properties. Physical mapping of Leptospira inter- 
rogans serovars Pomona and Icterohemorrhagiae using pulsed- 
field gel electrophoresis (PFGE) and DNA hybridization 
revealed the presence of two chromosomal replicons in this 
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species (Baril et al., 1992; Zuerner, 1991). Comparative map- 
ping revealed extensive rearrangements that alter genetic orga- 
nization within the same species (Zuerner et al., 1993). The 
genomes of four pathogenic Leptospira strains have been pub- 
lished: Leptospira interrogans serovar Copenhageni (Nascimento 
et al., 2004) and Leptospira interrogans serovar Lai (Ren et al., 
2003), and two strains of Leptospira borgpetersenii serovar Hardjo 
(Bulach et al., 2006). Genome size ranges from 3.9 to 4.7 Mbp, 
consisting of one large and one small chromosome. Genome 
sequencing of the free-living Leptospira biflexa serovar Patoc 
shows the presence of three stable replicons, corresponding 
to the large and small chromosomes of pathogenic Leptospira, 
and a third replicon of unknown function (Picardeau et al., 
2008). Comparative analysis of Leptospira interrogans serovar Lai 
and Copenhageni confirm previous mapping studies that sug- 
gest recombination between transposable elements contribute 
to changes in genetic organization by identifying an inversion 
flanked at both ends by insertion sequences that differentiates 
genetic organization of these two serovars (Nascimento et al., 
2004). Extensive rearrangements differentiate the organization 
of Leptospira interrogans from Leptospira borgpetersenii, and strains 
of Leptospira borgpetersenii are likewise differentiated by the pres- 
ence of chromosomal rearrangements. Approximately 7% of 
the Leptospira borgpetersenii serovar Hardjo genome is comprised 
of transposable elements, and nearly 17% of pseudogenes in 
Leptospira borgpetersenii are associated with insertion sequences 
(IS), leading to the conclusion that the genome of this spe- 
cies is undergoing IS-mediated genome erosion (Bulach et al., 
2006). A primary consequence of genome erosion in Leptospira 
borgpetersenii is the apparent loss of viability in water (Bulach 
et al., 2006), thereby limiting dissemination of viable organisms 
via the environment, a common means of disease transmission 
for Leptospira interrogans. Additional variability in Leptospira inter- 
rogans may result from lateral transfer of genomic islands (Bou- 
rhy et al., 2007). 

An unusual feature of Leptospira genomes is the organization 
of rRNA genes (Fukunaga and Mifuchi, 19892, b). Individual 
rRNA genes are not linked closely to each other in Leptospira, 
but are dispersed around the large chromosome (Zuerner 
et al, 1993). There are two copies each of the 16S and 23S 
rRNA genes in Leptospira, there is one copy of the 5S rRNA gene 
in pathogenic Leptospira, but two copies of the 5S rRNA gene in 
free-living Leptospira (Fukunaga and Mifuchi, 1989b). 


Phage, plasmid, and transposable elements and genetic 
manipulation in Leptospira. Although naturally occurring 
mechanisms for genetic exchange are not yet defined for 
Leptospira, several recent discoveries and advances in genetic 
manipulation of members of this genus suggest lateral trans- 
fer of DNA contributes to genetic variation. Bacteriophages 
have been detected by electron microscopy of Leptospira cul- 
tures. Saint Girons et al. (Saint Girons et al., 1990) described 
the first successful isolation and propagation of bacteriophage 
that infect Leptospira biflexa. The replication origin of bacterio- 
phage LE] can direct autonomous replication of a plasmid in 
Leptospira biflexa, and this discovery led to development of an 
Escherichia coli- Leptospira biflexa shuttle vector facilitating genetic 
manipulation of Leptospira (Girons et al., 2000). In a similar 
manner, discovery of genetic islands in Leptospira interrogans led 
to development of a limited-host range shuttle vector (Bourhy 
et al., 2007). Autonomous replication of these genetic islands 
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may contribute to lateral transfer of DNA in nature and affect 
pathogenicity by spreading virulence determinants (Bourhy 
et al., 2007). Recent demonstration of conjugative transfer of a 
shuttle vector from Escherichia coli to Leptospira is consistent with 
evidence for lateral transfer of genetic material into Leptospira 
(Picardeau, 2008). 

Intervening sequences are inserted into the 23S rRNA gene 
in some Leptospira species (Ralph and McClelland, 1993). Dur- 
ing post-transcriptional processing, the intervening sequences 
are excised without ligation, therefore bacterial strains contain- 
ing these elements lack an intact 23S rRNA and instead have 
14S and 17S rRNA species (Hsu et al., 1990). 

As noted above, genetic rearrangements occur frequently in 
Leptospirastrains, and these rearrangements are often associated 
with transposable elements including IS-elements. There are 
several different IS-like elements found in Leptospira (Boursaux- 
Eude et al., 1995; Bulach et al., 2006; Nascimento et al., 2004; 
Ralph and McClelland, 1993; Zuerner, 1994; Zuerner and 
Huang, 2002; Zuerner and Trueba, 2005) that share substantial 
sequence similarity to elements found in diverse bacterial gen- 
era, yet lateral transfer of these elements has not been demon- 
strated. The presence of high numbers (~90 copies) of 187533 
in Leptospira borgpetersenii serovar Hardjo is hypothesized to have 
a prominent role in genome degradation by generating non- 
functional pseudogenes that restrict serovar Hardjo to a host to 
host transmission cycle (Bulach et al., 2006). Transposition of 
the genetic elements derived from the eukaryotic transposon 
himarl provides a means to generate selectable random mutants 
in Leptospira species (Bourhy et al., 2005), opening up new pos- 
sibilities in genetic manipulation and analysis in this genus. 


Serotype analysis. Leptospira are antigenically diverse and 
are clustered by serological analysis into serogroups. Serogroups 
are further subdivided into serovars, which are considered the 
primary serotype taxon. Serovar determination is achieved by 
agglutination reactions using a microscopic agglutination test 
(Cole et al., 1973; Ryu, 1970). Serovars are differentiated by 
cross-absorption agglutination reactions using high titer sera. 
Two strains are designated different serovars if, after sufficient 
cross-absorption with each sera using the heterologous strain, 
at least one of the sera retains 10% or more of the initial homol- 
ogous agglutination titer (Stallman, 1984). Use of monoclonal 
antibodies can also help differentiate strains belonging to differ- 
ent serovars (Terpstra et al., 1985; World Health Organization, 
2003). Serovar designation has historical relevance and may be 
essential in understanding the relationships between these bac- 
teria and their normal maintenance hosts; maintenance hosts 
appear to have a stable relationship with bacteria in the same 
serovar but may undergo acute infection with a different sero- 
var (Faine et al., 1999). Likewise, the same strain in its normal 
maintenance host rarely displays signs of acute infection, but 
accidental infection by that strain of a non-maintenance host 
can result in severe acute infection (Faine et al., 1999). Compli- 
cating the importance and relevance of serovar designation is 
the discovery of several serovars represented by strains belong- 
ing to different Leptospira species (Levett, 2001). 


Antibiotic sensitivity. Leptospira exhibit in vitro sensitivity to 
a large number of antibiotics, including beta-lactams (penicil- 
lin, ampicillin, and amoxycillin), rifampin, tetracycline and 
doxycycline, cephalosporins (cefotaxime and ceftizoxime), 
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aminoglycosides including streptomycin (Oie et al., 1983), 
macrolides (erythromycin and azithromycin), and fluoroquino- 
lones including ciprofloxacin (Hospenthal and Murray, 2003). 
Immediate treatment of suspected infections is recommended. 
Traditionally, leptospirosis has been treated with intravenous 
penicillin for severe cases, or oral antibiotics including amoxy- 
cillin, ampicillin, doxycycline, and erythromycin (Terpstra 
et al., 1985; World Health Organization, 2003). There is lim- 
ited clinical data on effective use of newer antibiotics to treat 
leptospirosis. 


Environmental range. Pathogenic Leptospira species cause 
leptospirosis, one of the most widespread zoonosis known. 
Wild and domesticated animals are reservoirs of infection, 
and animal to human transmission may occur either through 
direct exposure to blood or urine from an infected animal, or 
indirectly from urine-contaminated water. After infection, the 
bacteria disseminate via the blood and concentrate in the kid- 
ney. Leptospira are voided in the urine (Figure 100), facilitating 
infection of new hosts (Faine et al., 1999). Leptospirosis ranges 
in severity from a mild influenza-like infection to a severe acute 
infection often resulting in death from organ failure. Chroni- 
cally infected animal maintenance hosts often do not exhibit 
clinical signs of infection. Several Leptospira species exhibit an 
intermediate pathogenicity in humans and animal hosts, and 
may be opportunistic pathogens. 

The normal environment for saprophytic Leptospira species 
is water or moist soil (Henry and Johnson, 1978). Cinco et al. 
(1975) have reported isolation of halophilic Leptospira, but these 
have not been subjected to taxonomic characterization. Recent 
surveys using 16S rRNA sequence analysis to assess the diver- 
sity of microbes in different environments suggest Leptospira 


FIGURE 100. Leptospira in urine. A sample of urine was obtained from 
a dog exhibiting clinical signs of leptospirosis and stained with FITC- 
conjugated anti-Leptospira rabbit sera, counterstained with Flazo-orange, 
then visualized using a 60x objective on an Olympus fluorescent micro- 
scope (final magnification 600x). Under these conditions, the bacteria 
appear green. Individual cells and cell masses are visible. 
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and Leptonema are widely distributed, including in petroleum 
contaminated soil (Kasai et al., 2005), marine sediments (Gen- 
Bank accession EU386041), and geothermal regions (GenBank 
accession EF205465). 


Leptospirosis and virulence-associated traits. Virulence 
determinants of pathogenic Leptospira remain poorly charac- 
terized. This is due, in part, to the limited tools available for 
genetic manipulation; until quite recently, genetic manipula- 
tion of pathogenic Leptospira species was not possible. Thus, to 
date, only one protein has been clearly shown to have an affect 
on virulence. Mutation of the gene encoding Loa22, a protein 
localized in the outer membrane, resulted in attenuation of 
Leptospira interrogans (Ristow et al., 2007). Genetic complemen- 
tation of a Loa22- mutant partially restored virulence near the 
level seen with the wild-type parental strain (Ristow et al., 2007). 
Hemolysins, including phospholipase C, sphingomylinase-like 
proteins, and pore-forming proteins, are potential virulence 
factors (Artiushin et al., 2004; Bernheimer and Bey, 1986; del 
Real et al., 1989; Lee et al., 2000, 2002; Matsunaga et al., 2007b; 
Segers et al., 1990, 1992). Several proteins, including bacte- 
rial immunoglobulin-like proteins LigA and LigB (Choy et al., 
2007), a group of endostatin-like proteins (Barbosa et al., 2006; 
Stevenson et al., 2007), and the major outer-membrane protein 
LipL32 (Hoke et al., 2008), facilitate attachment of pathogenic 
Leptospira to mammalian extracellular matrix proteins and 
probably have important roles during infection. Lsa24 may also 
help the pathogenic Leptospira evade the antibacterial effects 
of complement by binding factor H (Verma et al., 2006), con- 
sistent with earlier findings that virulent Leptospira are resistant 
to serum (Johnson and Harris, 1967b). The unusual ability of 
Leptospira to undergo translational movement in highly viscous 
media (Greenberg and Canale-Parola, 1977a) may be an impor- 
tant factor in tissue penetration. 


Enrichment and isolation procedures 


Pathogenic Leptospira can be isolated from blood and, occasion- 
ally, spinal fluid during the early stages of infection (1-2 weeks) 
by growth in semi-solid (0.1-0.2% agar) or liquid growth media. 
Blood treated with heparin to prevent coagulation or untreated 
blood added directly to transport media (1% bovine serum 
albumin in phosphate buffer) can be used to inoculate growth 
media. One to two weeks after infection, and for several weeks 
to months following infection, Leptospira can be isolated from 
urine. Leptospira reside primarily in kidney and liver, therefore 
inoculation of media with tissue homogenates prepared from 
these organs collected during necropsy often results in success- 
ful isolation of bacteria. Addition of 5'-fluorouracil (100 ug/ 
ml) to the isolation medium is useful for primary isolation of 
pathogenic Leptospira, especially from urine, by helping to sup- 
press growth of contaminating bacteria. Primary isolation of 
pathogenic strains may require incubation of cultures up to 6 
months with periodic microscopic evaluation. Direct intraperi- 
toneal inoculation of weanling Golden Syrian hamsters using 
tissue, soil, or water samples is an alternative method to enrich 
for pathogenic Leptospira (Brendle and Alexander, 1974; Glosser 
et al., 1974). 

Saprophytic Leptospira reside in streams, lakes, and moist soil 
(Henry and Johnson, 1978). To prepare environmental samples 
for culture, suspend soil in sterile distilled water, or use surface 
water directly, and filter through 0.45 or 0.22 um filters before 
inoculating culture media. Incorporation of 5'-fluorouracil 
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during initial isolation of environmental samples is important 
for restricting growth of non-Leptospira bacteria. Isolation of 
Leptospira from contaminated cultures can be achieved either 
by filtration through 0.22 um filters or by spotting a few micro- 
liters of culture on solid culture medium. Leptospira will tend 
to migrate away from the spot, forming a halo of growth from 
which the bacteria can be isolated. 

Leptospira growth in semi-solid media typically results in for- 
mation of a dense zone of growth (referred to as a Dinger disk) 
a few millimeters below the surface of the media. 


Maintenance procedures 


Leptospira cultures are maintained in semi-solid (0.1-0.2% agar) 
media at 30°C. The frequency of subculture varies greatly, 
dependent upon strain specific growth characteristics; some 
fastidious strains may take 6 months of incubation before visible 
growth, while more vigorous strains can be subcultured weekly. 
Long term cultivation of pathogenic Leptospira may result in 
loss of virulence, and therefore pathogenic strains should be 
frozen and stored in liquid nitrogen after initial isolation or 
within 1-2 in vitro subcultures. To prepare cultures for cryo- 
preservation, mix a fresh Dinger disk of Leptospira growth in 
semi-solid media with an equal volume transport media and 
freeze at -70°C before placing in liquid nitrogen. Free-living 
Leptospira may be frozen or kept in semi-solid media for long 
term storage. Storage of Leptospira cultures by lyophilization is 
not recommended. 


Differentiation of the genus Leptospira from other closely 
related taxa 


Leptospira are obligate aerobes that consume fatty acids or alco- 
hols as primary carbon and energy sources, distinguishing this 
genus from other spirochetes. Although morphologically simi- 
lar to other spirochetes, Leptospira form tighter coils, often with 
at least one hooked end. These bacteria are resistant to 5'-fluo- 
rouracil, whereas other spirochetes are sensitive to this com- 
pound. The cell wall contains diaminopimelic acid vs ornithine 
in other spirochetes. 


Further reading 


Charon, N.W. and S.F. Goldstein. 2002. Genetics of motility 
and chemotaxis of a fascinating group of bacteria: the spiro- 
chetes. Annu. Rev. Genet. 36: 47-73. 

Faine, S. 1994. Leptospira and Leptospirosis. CRC Press, Boca 
Raton, FL. 


Differentiation of species of the genus Leptospira 


Characteristics that differentiate species of Leptospira are shown 
in Table 132. Leptospira species are defined by DNA-DNA 
reassociation analysis. In addition, 16S rRNA sequence compar- 
ison (Hookey, 1993), mapped-restriction site polymorphisms 
of amplified rRNA sequences (Ralph et al., 1993), and secY 
sequence comparison (Ahmed et al., 2006; Victoria et al., 2008) 
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are also useful for differentiating Leptospira species. Several 
methods have proven helpful for strain and serovar differentia- 
tion, including restriction endonuclease analysis (Marshall et al., 
1981; Robinson et al., 1982) and macrorestriction endonuclease 
analysis by pulsed-field gel electrophoresis (Galloway and Levett, 
2008; Herrmann et al., 1991, 1992). The results of strain com- 
parison using restriction endonuclease DNA digestion patterns 
usually correlate with serological analysis that separates strains 
based on agglutination reactions using specific sera (Ellis et al., 
1991, 1988; Robinson et al., 1982, 1986; Thiermann et al., 
1985). There are several examples of serovars found in more 
than one species (Levett, 2001), indicating the need to char 
acterize strains by both serological and DNA-based techniques. 
Extensive phenotypic diversity precludes use of differential 
growth characteristics for differentiation of Leptospira species. 


Taxonomic comments 


The previous edition of the Manual described three species of 
Leptospira, namely Leptospira interrogans, representing patho- 
gens, Leptospira biflexa, representing free-living leptospires, and 
Leptospira illini species incertae sedis. DNA-DNA renaturation 
studies have revealed substantial diversity within the previous 
classifications of Leptospira interrogans and Leptospira biflexa, and 
have supported the establishment of two new genera, Leptonema, 
in which Leptonema illini species incertae sedis now resides, and 
Turneriella parva. The taxonomic status of halophilic Leptospira 
has not been determined. Environmental surveys using 16S 
rRNA sequence analysis to monitor bacterial populations 
suggests the distribution of Leptospira and Leptonema species is 
diverse, and additional species are likely to be discovered. 

The serovar is the primary Leptospira taxon, but this classifica- 
tion scheme is distinct from molecular taxonomy based on DNA- 
DNA reassociation kinetics or 16S rRNA sequence analysis. Strains 
representing the same serovar occur in two or more species. Like- 
wise, serogroups also occur in different species (Table 133). 

Differentiation of Leptospira species is difficult because these 
bacteria are morphologically similar and there is substantial 
variation in biochemical and growth characteristics within each 
species. Generally, free-living Leptospira and Leptonema illini 
share the ability to grow at 13°C. Leptonema is the only genus 
in Leptospiraceae that can grow on trypticase media and pos- 
sesses cytoplasmic tubules. Pathogenic Leptospira are sensitive 
to 8-azaguanine, but nonpathogenic and strains with inter- 
mediate pathogenic status can vary in their capacity to grow in 
the presence of this compound. Likewise, 2,6-diaminopurine 
or copper sulfate inhibits growth of most pathogenic strains, 
but nonpathogenic strains and strains with intermediate patho- 
genic status vary in their ability to grow in the presence of these 
compounds. Therefore, accurate differentiation of Leptospira 
species must rely on molecular characterization comparing 16S 
rRNA sequences or DNA-DNA reassociation analysis (Levett 
and Smythe, 2006). 


List of species of the genus Leptospira 


1. Leptospira interrogans (Stimson 1907) Wenyon 1926, 
12814" emend. Faine and Stallman 1982, 462 (Spirocheta 
interrogans Stimson 1907, 541) 
in.ter'ro.gans. L. part. adj. interrogans asking, inquiring, 
interrogating, here meaning shaped like a question mark. 


Exhibits morphological and cultural features common 
to the genus Leptospira (Figure 101). Grows at 30°C, but 
does not grow at 13°C. Growth is inhibited by 8-azaguanine 
(225 ug/ml) or CuSO, (100 p.p.m.). Growth of some strains 
is inhibited by 2,6-diaminopurine (10 ug/ml). Production 
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GENUS |. LEPTOSPIRA 


TABLE 133. Distribution of serogroups in different Leptospira species 


Species Serogroup 


Australis, Autumnalis, Bataviae, Canicola, 
Djasiman, Grippotyphosa, Hebdomadis, 
Icterohemorrhagiae, Louisiana, Mini, 
Pomona, Pyrogenes, Ranarum, Sarmin, 
Sehgali, Sejroe 


L. interrogans 


L. alexanderi Hebdomadis, Javanica, Manhoa, Mini 

L. biflexa Semaranga 

L. borgpetersenii Australis, Autumnalis, Ballum, Bataviae, 

Zelledoni Hebdomadis, Javanica, Mini, 

Pyrogenes, Sejroe, Tarassovi 

L. broomi Undesignated 

L. fainei Hurstbridge 

L. inadai Canicola, Icterohemorrhagiae, Javanica, 


Lyme, Manhoa, Panama, Shermani, Tarassovi 
Australis, Autumnalis, Bataviae, Canicola, 

Cynopteri, Djasiman, Grippotyphosa, 

Hebdomadis, Icterohemorrhagiae, Pomona 


L. kirschneri 


L. licerasiae Iquitos 
L. meyeri Javanica, Mini, Ranarum, Sejroe, Semaranga 
L. noguchi Australis, Autumnalis, Bataviae, Djasiman, 


Louisiana, Panama, Pomona, Pyrogenes, 
Shermani, Tarassovi 

Autumnalis, Bataviae, Cynopteri, 
Grippotyphosa, Hebdomadis, Javanica, 
Mini, Pomona, Pyrogenes, Sarmin, Sejroe, 


L. santarosai 


Shermani, Tarassovi 
L. weilii Celledoni, Hebdomadis, Icterohemorrhagiae, 
Javanica, Manhoa, Mini, Pyrogenes, 


Sarmin, Sejroe, Tarassovi 


L. wolbachii Codice 

L. wolffii Undesignated 

“L. alstonii” Ranarum 
(genomospecies 1) 

“L. vanthielii” Holland 
(genomospecies 3) 

“L. terpstrae” Icterohemorrhagiae 
(genomospecies 4) 

“L. yanagawae” Semaranga 


(genomospecies 5) 


of lipase varies among strains of this species. Pathogenic in 
mammals with disease manifestations ranging from mild 
influenza-like symptoms to acute, lethal infection. 

The genome sequences for two strains of Leptospira inter- 
rogans have been determined: serovar Copenhageni strain 
Fiocruz L1-130 (GenBank accession nos AF016823 and 
AF016824) and serovar Lai strain 56601 (GenBank acces- 
sion nos AF010300 and AF010301). 

Source: bacteria localize in the kidneys of mammals, facili- 
tating shedding via urine. 

DNA G+C content (mol % ): 35 (T). 

Type strain: Leptospira interrogans serogroup Icterohaemor- 
rhagiae, serovar Icterohaemorrhagiae, strain RGA, ATCC 
23581, ATCC 43642, CCUG 5117, KCTC 2880. 

Sequence accession no. (16S rRNA gene): AY631894, FJ154549. 


2. Leptospira alexanderi Brenner, Kaufmann, Sulzer, 


Steigerwalt, Rogers and Weyant 1999, 856%? 


a.le.xan.de’ri. N.L. masc. gen. n. alexanderi of Alexander, 
named to honor Aaron D. Alexander, an American micro- 
biologist. 
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FIGURE 101. Silver-stained Leptospira interrogans serovar Pomona 
in situ. Sections of hamster kidney were isolated after infection with 
Leptospira interrogans serovar Pomona, fixed with formalin, then pro- 
cessed for histology. The tissue was stained with a modified PAS Steiner 
process. Bacteria appear black due to the precipitation of silver on the 
bacterial surface. A final magnification of 400x is shown. Bar = 25 um. 


Exhibits morphological and cultural features common to 
the genus Leptospira. Grows at 30°C, but does not grow at 11 
or 37°C. Growth is inhibited by 8-azaguanine (225 ug/ml) 
or 2,6-diaminopurine (10 ug/ml). Strains vary in the ability 
to grow in the presence of CuSO, (100 p.p.m.), and produc- 
tion of lipase activity is variable. Pathogenicity for animals 
not reported. 

Source: isolated in China from an unknown source. 

DNA G+C content (mol96): 38 (T, ). 

Type strain: L 60 serovar Manhao 3, ATCC 700520. 

Sequence accession no. (16S rRNA gene): AY631880. 


3. Leptospira biflexa (Wolbach and Binger 1914) Noguchi 
1918, 585^ emend. Faine and Stallman 1982, 462 (Spiro- 
cheta biflexa Wolbach and Binger 1914, 23) 


bi.fle'xa. L. adv. num. bis twice; L. part. adj. flexus -a -um 
(from. L. v. flecto) bent, winding; N.L. fem. adj. biflexa bent 
twice. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 13°C and at 30°C. Strains 
often grow in the presence of 8-azaguanine (225 ug/ml), 
2,6-diaminopurine (10 pg/ml), and CuSO, (100 p.p.m.). 
All strains produce lipase. Strains are typically found in 
flowing or still freshwater sources, tap water, and occasion- 
ally animals. Pathogenicity not demonstrated, thought to 
be nonpathogenic for mammals. 

The genome sequence for the type strain and one of its 
derivatives has been determined (GenBank accession nos 
CP00777—CP00779 and CP007786-CP007788). 

Source: a stream in Italy. 

DNA G+C content (mol96): 38.9 (genomic sequencing). 

Type strain: Leptospira biflexa serovar Patoc strain Patoc I, 
ATCC 23582. 

Sequence accession no. (16S rRNA gene): AY631876, 712821. 


4. Leptospira borgpetersenii Yasuda, Steigerwalt, Sulzer, Kauf- 
mann, Rogers and Brenner 1987, 414%” 
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borg.pe'ter.sen'i.i. N.L. masc. gen. n. borgpetersenii of Borg- 
Petersen, named for C. Borg-Petersen, the Danish physician 
who made significant early contributions to the epidemiol- 
ogy and microbiology of leptospirosis in Europe. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but does not grow 
at 11°C. Growth is inhibited by 8-azaguanine (225 ug/ 
ml) or CuSO, (100 p.p.m.), but not by 2,6-diaminopurine 
(10 pg/ml). Does not produce lipase. The type strain was 
isolated from a Java house rat in Indonesia. Pathogenic in 
mammals with disease manifestations ranging from mild 
influenza-like symptoms to acute, lethal infection. Bacteria 
localize in the kidneys of their host, facilitating shedding 
via urine. 

The genome sequences for two strains of Leptospira borg- 
petersenii serovar Hardjo (L550 and JB197) have been deter- 
mined (GenBank accession nos. CP000348-CP000351). 

Source: a Java house rat in Indonesia. 

DNA G«C content (mol % ): 39.8 (T). 

Type strain: Veldrat Bataviae 46 serovar Javanica, ATCC 
43292. 

Sequence accession no. (16S rRNA gene): AY461862, 
AY887899, AM050572, DQ991483, FJ154600, Z21630. 


. Leptospira broomii Levett, Morey, Galloway and Steigerwalt 
2006, 673%” 


bro.o'mi.i. N.L. masc. gen. n. broomi of Broom, named for 
John Constable Broom (1902-1960), a Scottish bacteriolo- 
gist who made substantial contributions to the study of lep- 
tospirosis. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but growth at other 
temperatures not reported. Pathogenic in mammals with 
disease manifestations ranging from mild influenza-like 
symptoms to acute, lethal infection. Bacteria localize in 
the kidneys of their host, facilitating shedding via urine. 
However, clusters with other species (Leptospira fainei, Lep- 
tospira inadai, and Leptospira licerasiae) considered inter- 
mediate in pathogenicity based on 16S rRNA sequence 
comparison. 

Source: blood of human patient with leptospirosis; addi- 
tional isolates from blood, cerebrospinal fluid, and urine of 
human patients with leptospirosis. 

DNA G+C content (mol % ): 42 (T). 

Type strain: 5399, ATCC BAA-1107, KIT 5399. 

Sequence accession no. (16S rRNA gene): AY 796065. 


. Leptospira fainei Perolat, Chappel, Adler, Baranton, Bulach, 
Billinghurst, Letocart, Merien and Serrano 1998, 857°? 


fai'ne.i. N.L. masc. gen. n. fainei of Faine, named for Solo- 
mon Faine, an Australian medical microbiologist who made 
definitive contributions to the knowledge of the physiopa- 
thology and epidemiology of leptospirosis. 

Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 13*C and 30*C. Growth is 
partially inhibited by 8-azaguanine (225 ug/ml, 30*C). May 
induce disease manifestations ranging from mild influenza- 
like symptoms to acute, potentially lethal infection. Bacteria 
localize in the kidneys of their host, facilitating shedding 
via urine. Clusters with other species (Leptospira broomii, 
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Leptospira inadai, and Leptospira licerasiae) considered 
intermediate in pathogenicity based on 16S rRNA sequence 
comparison. Species contains a single serovar, Hurstbridge. 

Source: the uterus of a sow in Australia; strains isolated 
from chronic human infections also reported. 

DNA G+C content (mol96): not reported. 

Type strain: BUT 6 serovar Hurstbridge. 

Sequence accession no. (16S rRNA gene): AY631885, FJ154578, 
U60594. 


. Leptospira inadai Yasuda, Steigerwalt, Sulzer, Kaufmann, 


Rogers and Brenner 1987, 414V* 


ina'dai. N.L. masc. gen. n. inadai of Inada, named 
for Ryokichi Inada, the Japanese microbiologist who is 
regarded by some to have first isolated leptospires from 
human patients. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but no growth at 
11°C. Growth of some strains is inhibited by 8-azaguanine 
(225 ug/ml), CuSO, (100 p.p.m.), or 2,6-diaminopurine 
(10 ug/ml). Some strains produce lipase. Strains of this spe- 
cies are considered to have intermediate pathogenic status, 
but clinical manifestations and pathogenicity have not been 
clearly demonstrated. Clusters with other species (Leptospira 
broomii, Leptospira fainei, and Leptospira licerasiae) considered 
intermediate in pathogenicity based on 16S rRNA sequence 
comparison. 

Source: the skin of a patient with a concurrent, unrelated 
Lyme disease infection; strains have been isolated from a 
variety of rodents. 

DNA G+C content (mol % ): 42.6 (T. ). 

Type strain: 10 serovar Lyme, ATCC 43289. 

Sequence accession no. (16S rRNA gene): AY631896, Z21634. 


. Leptospira kirschneri Ramadass, Jarvis, Corner, Penny and 


Marshall 1992, 219? 


kirsch'ne.ri. N.L. masc. gen. n. kirschneri of Kirschner, named 
for Leopold Kirschner, a Dutch medical microbiologist who 
worked on leptospirosis research in Indonesia before com- 
ing to New Zealand to work at the Otago Medical School 
in Dunedin and whose pioneering work on leptospirosis 
helped focus attention on the human and animal health 
problem that existed at the time. 


Exhibits morphological and cultural features common to 
the genus Leptospira. Grows at 30°C, but no growth at 13°C. 
Growth is inhibited by 8-azaguanine (225 ug/ml). Most 
strains are inhibited by CuSO, (100 p.p.m.) or 2,6-diamin- 
opurine (10 ug/ml). Lipase is not produced. Strains of this 
species are pathogenic for mammals with disease manifesta- 
tions ranging from mild influenza-like symptoms to acute, 
lethal infection. Bacteria localize in the kidneys of their 
host, facilitating shedding via urine. 

Source: Indonesia,from a short-headed fruit bat. 

DNA G+C content (mol % ): not reported. 

Type strain: 3522 C serovar Cynopteri, ATCC 49945. 

Sequence accession no. (16S rRNA gene): AY631895, 
DQ991475, FJ154546, Z21628. 


. Leptospira licerasiae Matthias, Ricaldi, Cespedes, Diaz, 


Galloway, Saito, Steigerwalt, Patra, Ore, Gotuzzo, Gilman, 
Levett and Vinetz 2009, 1’? (Effective publication: Matthias, 


10. 


11. 


12. 
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Ricaldi, Cespedes, Diaz, Galloway, Saito, Steigerwalt, Patra, 
Ore, Gotuzzo, Gilman, Levett and Vinetz 2008, 11.) 


li.ce.ra.si'ae. N.L. fem. gen. n. licerasiae of Liceras, named 
to honor Julia Liceras de Hidalgo, who obtained the first 
leptospiral isolates in Peru. 


Exhibits morphological and cultural features common to 
the genus Leptospira. Grows at 30°C. Growth at other tem- 
peratures not reported. Growth is inhibited by 8-azaguanine 
(225 ug/ml). However, clusters with other species (Leptospira 
broomi, Leptospira fainei, and Leptospira inadai) considered 
intermediate in pathogenicity based on 16S rRNA sequence 
comparison. Although these strains are associated with 
human infections, experimental inoculation of hamsters and 
guinea pigs did not induce clinical signs of leptospirosis. 

Source: blood obtained from human patients with undif- 
ferentiated fever. 

DNA G+C content (mol % ): not reported. 

Type strain: VARO10 serovar Varillal, ATCC BAA-1110, KIT 
VAR 010, WPR VAR 010. 

Sequence accession no. (16S rRNA gene): EF612284. 


Leptospira meyeri Yasuda, Steigerwalt, Sulzer, Kaufmann, 
Rogers and Brenner 1987, 414°” 


me.ye'ri. N.L. masc. gen. n. meyeri of Meyer, named to honor 
Karl F. Meyer, the veterinarian who established veterinary 
public health in the United States through his broad inter- 
ests in the zoonoses, including leptospirosis. 


Exhibits morphological and cultural features common to 
the genus Leptospira. Grows at 30*C, but not at 11° C. Grows 
in the presence 8-azaguanine (225 ug/ml), 2,6-diaminopu- 
rine (10 pg/ml), or CuSO, (100 p.p.m.). Produces lipase. 
Virulence has not been demonstrated, but some strains 
share genetic and antigenic similarity to pathogens. 

Source: United States, from a leopard frog. 

DNA G«C content (mol % ): 33.5 (T). 

Type strain: Iowa City Frog serovar Ranarum, ATCC 
43782. 

Sequence accession no. (16S rRNA gene): AY631878. 


Leptospira noguchii Yasuda, Steigerwalt, Sulzer, Kauf- 
mann, Rogers and Brenner 1987, 413V" 


no.gu'chi.i. N.L. masc. gen. n. noguchii of Noguchi, named 
to honor Hideyo Noguchi, the Japanese microbiologist who 
named the genus Leptospira. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but no growth at 
11°C. Growth is inhibited by 8-azaguanine (225 pg/ml), 
2,6-diaminopurine (10 ug/ml), or CuSO, (100 p.p.m.). 
Lipase is usually produced. Thought to be pathogenic with 
disease manifestations ranging from mild influenza-like 
symptoms to acute, lethal infection. Bacteria localize in the 
kidneys of their host, facilitating shedding via urine. 

Source: parasitic strains isolated from mammals. 

DNA G«C content (mol % ): 36.5 (T). 

Type strain: CZ 214 serovar Panama, ATCC 43288. 

Sequence accession no. (16S rRNA gene): AY631886, 
DQ991500, Z21635. 


Leptospira santarosai Yasuda, Steigerwalt, Sulzer, Kauf- 
mann, Rogers and Brenner 1987, 413‘? 


13. 


14. 


15. 


555 


san.ta.ro'sa.i. N.L. masc. gen. n. santarosai of Santa Rosa, 
named to honor Carlos A. Santa Rosa, the Brazilian veteri- 
nary microbiologist who was a pioneer in the study of lep- 
tospirosis as a human and animal health problem in Brazil. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but does not grow 
at 11°C. Growth is inhibited by 8-azaguanine (225 ug/ml) 
or CuSO, (100 p.p.m.). Growth of some strains is inhibited 
by 2,6-diaminopurine (10 pg/ml). Lipase is not produced. 
Pathogenic in mammals with disease manifestations rang- 
ing from mild influenzadike symptoms to acute, lethal 
infection. Bacteria localize in the kidneys of their host, 
facilitating shedding via urine. 

Source: the Panama Canal Zone, from a spiney rat. 

DNA G+C content (mol96): 40.7 (T. ). 

Type strain: LT 821 serovar Shermani, ATCC 43286. 

Sequence accession no. (16S rRNA gene): AY461889, AY631883. 


Leptospira weilii Yasuda, Steigerwalt, Sulzer, Kaufmann, 
Rogers and Brenner 1987, 413V* 


weil'i.i. N.L. masc. gen. n. weilii of Weil, named to honor 
Adolph Weil, a German physician who was among the first 
to clinically differentiate leptospirosis (Weil's disease) from 
other types of infectious jaundice. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but does not grow 
at 11°C. Growth is inhibited by 8-azaguanine (225 ug/ml), 
2,6-diaminopurine (10 pg/ml), or CuSO, (100 p.p.m.). 
Lipase is not produced. Pathogenic in mammals with disease 
manifestations ranging from mild influenza-like symptoms 
to acute, lethal infection. Bacteria localize in the kidneys of 
their host, facilitating shedding via urine. 

Source: Australia, from blood of a patient with 
leptospirosis. 

DNA G+C content (mol % ): 40.5 (T). 

Type strain: Celledoni serovar Celledoni, ATCC 43285. 

Sequence accession nos (16S rRNA gene): AY631877, 
DQ991486, FJ154580, U12676, Z21637. 


Leptospira wolbachii Yasuda, Steigerwalt, Sulzer, Kauf- 
mann, Rogers and Brenner 1987, 414%” 


wol.ba'chi.i. N.L. masc. gen. n. wolbachii of Wolbach, named 
to honor Simeon Burt Wolbach (1880-1954), the American 
microbiologist who first identified Leptospira |Spirochaeta] 
biflexa. 


Exhibits morphological and cultural features common to 
the genus Leptospira. Grows at 30°C, but does not grow at 
11°C. Grows in the presence of 8-azaguanine (225 ug/ml) 
or 2,6-diaminopurine (10 ug/ml), but does not grow in the 
presence of CuSO, (100 p.p.m.). All strains produce lipase. 
Pathogenicity not demonstrated; thought to be nonpatho- 
genic for mammals. 

Source. water in the United States. 

DNA G+C content (mol % ): 37.2 (T). 

Type strain: CDC serovar Codice, ATCC 43284. 

Sequence accession no. (16S rRNA gene): AY631879. 


Leptospira wolffii Slack, Kalambaheti, Symonds, Dohnt, 
Galloway, Steigerwalt, Chaicumpa, Bunyaraksyotin, Craig, 
Harrower and Smythe 2008, 2307 
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wolf'fi.i. N.L. masc. gen. n. wolffii of Wolff, named to honor 
Jan Wolff, a Dutch bacteriologist. 


Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C and 37°C, but does 
not grow at 13°C. Grows in the presence of 8-azaguanine 
(225 ug/ml). Pathogenicity not demonstrated, but thought 
to be of intermediate pathogenicity based on 16S rRNA 


FAMILY IV. LEPTOSPIRACEAE 


and DNA:DNA reassociation similarity to Leptospira broomii, 
Leptospira fainei, and Leptospira inadai. 

Source: urine of a human patient with symptoms consis- 
tent with leptospirosis. 

DNA G+C content (mol96): 41.8 (T). 


Type strain: Khorat-H2, KIT Khorat-H2, WHO LT1686. 
Sequence accession no. (16S rRNA gene): EF025496. 


Other organisms 


1. *Leptospira genomospecies 1” Brenner, Kaufmann, Sulzer, 

Steigerwalt, Rogers and Weyant 1999, 857 

Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but does not grow 
at 11°C. Growth is inhibited by 8-azaguanine (225 ug/ml), 
2,6-diaminopurine (10 ug/ml), or CuSO, (100 p.p.m.). Does 
not produce lipase. Pathogenicity not reported. 

Source: a frog in China. 

DNA G+C content (mol % ): 39.8 (T). 

Type strain: 79601 serovar Sichuan, ATCC 700521. Note: 
ATCC does not list this strain. 

Sequence accession no. (16S rRNA gene): AY631881. 

Taxonomic note: the Subcommittee on the taxonomy of 
Leptospiraceae proposed this species be named Leptospira 
alstonii. 


2. “Leptospira genomospecies 3” Brenner, Kaufmann, Sulzer, 

Steigerwalt, Rogers and Weyant 1999, 857 

Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but does not grow 
at 11°C. Growth is inhibited by 8-azaguanine (225 ug/ml), 
2,6-diaminopurine (10 ug/ml), or CuSO, (100 p.p.m.). Does 
not produce lipase. Pathogenicity not reported. 

Source: water in the Netherlands. 

DNA G+C content (mol P): 43.4 (T). 

Type strain: WaZ Holland serovar Holland, ATCC 700522. 

Sequence accession no. (16S rRNA gene): AY631897. 

Taxonomic note: the Subcommittee on the taxonomy of 
Leptospiraceae proposed this species be named Leptospira 
vanthielit. 


3. “Leptospira genomospecies 4” Brenner, Kaufmann, Sulzer, 

Steigerwalt, Rogers and Weyant 1999, 857 

Exhibits morphological and cultural features common 
to the genus Leptospira. Grows at 30°C, but does not grow at 
11°C. Growth is inhibited by 2,6-diaminopurine (10 ug/ml), 
but growth is not inhibited by 8-azaguanine (225 ug/ml) or 
CuSO, (100 p.p.m.). Does not produce lipase. Pathogenicity 
not reported. 

Source: China from an unknown source. 

DNA G+C content (mol % ): 38.9 (T). 

Type strain: H 2 serovar Hualin, ATCC 700522. Note ATCC 
lists this strain as genomospecies 3. 

Sequence accession no. (16S rRNA gene): AY631888. 

Taxonomic note: the Subcommittee on the taxonomy of Lep- 
tospiraceae proposed this species be named Leptospira terpstrae. 


4. *Leptospira genomospecies 5" Brenner, Kaufmann, Sulzer, 

Steigerwalt, Rogers and Weyant 1999, 857 

Exhibits morphological and cultural features common to 
the genus Leptospira. Grows at 30°C, but does not grow at 
11°C. Growth is inhibited by 2,6-diaminopurine (10 pg/ml), 
but growth is not inhibited by 8-azaguanine (225 ug/ml) or 
CuSO, (100 p.p.m.). Does not produce lipase. Pathogenicity 
not reported. 

Source: China from an unknown source. 

DNA G+C content (mol % ): 37.9 (T). 

Type strain: Sao Paulo serovar Saopaulo, ATCC 700523. 

Sequence accession no. (16S rRNA gene): AY631882. 

Taxonomic note: the Subcommittee on the taxonomy of Lep- 
tospiraceae proposed this species be named Leptospira yanagawae. 


Genus Il. Leptonema Hovind-Hougen 1983, 439"? (Effective publication: Hovind-Hougen 1979, 250.) 


RicHARD L. ZUERNER 


Lep.to.ne'ma. Gr. adj. leptos thin, narrow, fine; Gr. neut. n. nema a filament or thread; N.L. neut. n. 
Leptonema a thin filament or thread, describing a bacterium that resembles a thin filament or thread. 


Long, thin, flexible rods, 0.1—0.2 um in diameter and 13-21 um 
in length, with a regular helical coiling pattern having a 
wavelength of 0.6-0.7 um. Unicellular but may be observed 
as dividing pairs or short chains in actively growing cultures. 
Resting stages are not known. Gram-stain-negative. Due to small 
diameter, unstained cells are not visible by bright-field micros- 
copy. Dark-field or phase-contrast microscopy is required for 
visualization of unstained cells. Highly motile. Obligate aerobes. 
Growth temperatures range between 13 and 30°C, with optimal 
growth at 28-30^C. Chemoorganotrophic; consume long-chain 


fatty acids and fatty alcohols as primary carbon and energy 
sources. Can grow on trypticase media. Uses respiration with 
oxygen as the terminal electron acceptor Optimal growth 
occurs in semi-solid (0.2%) agar media. Growth on 1-2% solid 
agar results in the formation of clear to turbid subsurface 
colonies. Oxidase-positive. Lipase-positive. Nonpathogenic for 
cattle, gerbils, guinea pigs, hamsters, and mice. Free-iving in 
aquatic environments and soil. Some strains found in associa- 
tion with animals. Does not share significant levels of sequence 
similarity with other Leptospiraceae as determined by DNA 


GENUS II. LEPTONEMA 


hybridization analysis. The 16S rRNA sequence is distinct from 
other Leptospiraceae. 

DNA G+C content (mol % ): 51-54% 

Type species: Leptonema illini (Hanson, Tripathy, Evans and 
Alexander 1974) Hovind-Hougen 1983, 439 (Effective publi- 
cation: Hovind-Hougen 1979, 251.) (Leptospira illini Hanson, 
Tripathy, Evans and Alexander 1974, 355). 


Further descriptive information 


Taxonomic history. The previous taxonomic designation for 
Leptospira illini as Leptospira interrogans serovar Illini and Lep- 
tospira illini has led to considerable confusion in the literature. 
In the previous edition of this manual, the taxonomic status of 
the genus Leptonema was uncertain, and the species ¿mi was 
designated a species incertae sedis. The International Committee 
on Systematic Bacteriology Subcommittee on the Taxonomy 
of Leptospira approved the genus designation at its meeting in 
1986 (Stallman, 1987). 

Leptonema /lini strain 3055, the type strain for this genus 
and species, was originally isolated from the urine of a healthy 
bull in Illinois (Hanson et al., 1974). An antigenically similar 
strain, A177, was isolated from a turtle in the same geographi- 
cal region in the year following isolation of strain 3055". Early 
DNA hybridization studies led to the discovery that strain 3055" 
lacked significant homology to either the “pathogenic” complex 
(Leptospira interrogans sensu lato), or the “saprophytic” complex 
(Leptospira biflexa sensu lato) (Brendle et al., 1974). Further 
more, the DNA G+C content (51-54 mol%) of Leptonema illini 
is substantially higher than known Leptospira strains (Brendle 
et al., 1974). Subsequent DNA hybridization studies by Rama- 
dass et al. (1990) and Brenner et al. (1999), and analyzes of 
Leptospiraceae 16S rRNA sequences (Hookey et al., 1993; Morey 
et al., 2006; Paster et al., 1991) support a familial relationship 
between Leptospira and Leptonema, while supporting formation 
of a distinct genus Leptonema with a single known species, Lep- 
tonema illini. 


Cell morphology, ultrastructure, and motility. Analysis of 
Leptonema illini has played a critical role in understanding cell 
structure and motility of the Leptospiraceae. Leptonema illini cells 
have a typical spirochete ultrastructure including a long slen- 
der helical morphology (Figure 102), forming right-handed 
helices (Carleton et al., 1979). Cells undergoing translational 
movement have a spiral anterior end and a hooked posterior 
end (Goldstein and Charon, 1990). The ability to form hooked 
ends is essential for translational movement and is governed by 
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the shape of the two periplasmic flagella inserted subterminally 
at each end of the cell (Bromley and Charon, 1979). Nonheli- 
cal mutants are nonmotile and have periplasmic flagella with 
no defined shape, whereas wild-type cells and motile revertants 
have hooked ends and highly coiled flagella (Bromley and Cha- 
ron, 1979), indicating these structures are rigid. Leptonema cells 
retain a gentle helical morphology regardless of whether the 
periplasmic flagella are straight or coiled (Bromley and Cha- 
ron, 1979), and this is consistent with a model suggesting that 
the periplasmic flagella lie along the helical axis of the cell 
(Goldstein et al., 1996). Rotation of the periplasmic flagella is 
thought to cause the cytoplasmic cylinder to rotate around the 
axis of the flagella, and, depending on the direction of flagellar 
rotation, induce either a spiral or hook shape (Berg et al., 1978; 
Charon et al., 1984; Goldstein and Charon, 1990). A coordi- 
nated change in the cell ends from spiral to hook or from hook 
to spiral, enables the bacteria to rapidly change direction dur- 
ing translational movement (Charon et al., 1984). 

A feature unique to Leptonema among the Leptospiraceae is the 
presence of cytoplasmic tubules that start near the insertion 
of the periplasmic flagella, and are about the same length as 
the flagella (Hovind-Hougen, 1979). These structures are also 
seen in species of Treponema and Spirocheta, but have not been 
observed in other members of Leptospiraceae. 


Nutrition and growth conditions. Although Leptonema is 
traditionally grown on bovine serum albumin, Tween-based 
media used to cultivate Leptospira, e.g., EMJH (Ellinghausen 
and McCullough, 1965; Johnson and Harris, 1967a), members 
of this genus are distinguished by the ability to grow on trypti- 
case media (Hanson et al., 1974). Large (8-10 mm) colonies 
appear on solid EMJH agar media within 7-10 d. Little infor- 
mation is known about the specific nutritional requirements of 
Leptonema illini. However, physiological profiles of Leptospiraceae 
using aminopeptidase substrates clustered the Leptonema strains 
together in a distinct pattern separate from either Leptospira or 
Turneriella (Neill et al., 1987). 

Leptonema illini and Leptospira biflexa are more resistant to 
killing by UV or mitomycin C treatments than pathogenic Lep- 
tospira (Stamm and Charon, 1988). 


rRNA sequence analysis. As noted above, 16S rRNA 
sequence analysis is useful for distinguishing Leptonema from 
Leptospira or Turneriella (Hookey et al., 1993; Morey et al., 2006; 
Paster et al., 1991). Unlike Leptospira species, which have one 
gene encoding 5S rRNA (rm) and two genes each encoding 
16S (rrs) and 23S (rrl) rRNA species, Leptonema has two genes 


FIGURE 102. Transmission electron micrograph of Leptonema illini strain 3055". Bar = 2 um. 
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encoding each rRNA species (Fukunaga et al., 1991). In addi- 
tion, the two Leptonema rrn genes are closely linked to each 
other (Fukunaga and Mifuchi, 1989b), and the rrs and rrl genes 
are separated by a 435 bp intergenic spacer (Woo et al., 1996). 
In contrast, the rRNA genes in Leptospira species are dispersed 
throughout the large chromosome. 


Bacteriophage. Early electron microscopy studies of Lep- 
tonema illini strain 3055" cultures revealed the presence of 
bacteriophage-like particles with 45-50 nm heads and 60-65 x 
15-20 nm tails (Hanson et al., 1974; Ritchie and Ellinghausen, 
1969). Intracellular forms of these phage-like particles were 
also detected. Subsequent studies to characterize these parti- 
cles have not been reported. 


Ecology. The initial isolations of Leptonema illini were from 
cattle and turtles. Subsequent isolations of Leptonema illini 
having distinctly different antigenic profiles from the origi- 
nal isolates have been reported from fresh water (Bazovska 
et al., 1983) and a lymphocyte culture from a HIV-I infected 
human patient (Rocha et al., 1993). Several spirochete iso- 
lates from animal and water sources by Neill et al. (1987) have 
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aminopeptidase substrate profiles similar to Leptonema illini, 
but these have not been characterized further by either DNA 
hybridization or 16S rRNA sequence analysis. Recent studies 
using 16S rRNA sequence analysis to profile microbial commu- 
nities suggest Leptonema illini is broadly distributed in nature; 
16S rRNA sequences matching Leptonema illini were detected 
in petroleum-contaminated soil in Japan (Kasai et al., 2005) 
and diseased coral communities near the Bahamas (Sekar 
et al., 2006). 


Pathogenesis and antigenicity. Although serological sur- 
veys of cattle and swine in Illinois showed >60% positive reac- 
tion with strain 3055" (Tripathy and Hanson, 1973a), this 
strain is not pathogenic for a wide variety of animal species 
including cattle, gerbils, guinea pigs, hamsters, and mice (Tri- 
pathy and Hanson, 1973b). Serological testing of strains 3055! 
and A177 showed these strains comprised a novel antigenic 
group, distinct from known Leptospira serovars (Hanson et al., 
1974). The discovery of additional serovars of Leptonema illini 
suggests this genus may also be antigenically diverse (Rocha 
et al., 1993). 


List of species of the genus Leptonema 


1. Leptonema illini (Hanson, Tripathy, Evans and Alexander 
1974) Hovind-Hougen 1983, 439%? (Effective publication: 
Hovind-Hougen 1979, 251.) (Leptospira illini Hanson, Tripa- 
thy, Evans and Alexander 1974, 355) 


il.li'ni. N.L. gen. n. ilini of Illinois, named after the state of 
Illinois, USA, where the first isolate was obtained. 


Morphologically similar to Leptospira. Cytoplasmic tubules 
extend from near the insertion of periplasmic flagella and are 
about the same length. Aerobe. Long-chain fatty acids and 
long-chain fatty alcohols serve as carbon and energy sources. 
Can grow on trypticase media, unlike Leptospira or Turneriella. 


Three serovars described. Lacks significant homology to 
Leptospira or Turneriella as measured by DNA hybridization 
analysis. Has a unique 16S rRNA sequence profile. Not patho- 
genic for cattle, gerbils, guinea pigs, hamsters, and mice. 

Source: urine of a clinically normal bull in Illinois, USA, 
in 1965 (Hanson et al., 1974); free living in soil or aquatic 
environments; some strains are found in association with 
animals. 

DNA G+C content (mol % ): 51-54% (T and Bd). 

Type strain: 3055, NCTC 11301. 

Sequence accession no. (16S rRNA gene): AY 714984, 221632. 


Genus Ill. Turneriella Levett, Morey, Galloway, Steigerwalt and Ellis 2005, 1499"? 


RicHARD L. ZUERNER 


Tur.ne.ri'el.la. N.L. fem. dim. n. Turneriella named after Leslie Turner, an English microbiologist who made 
definitive contributions to the knowledge of leptospirosis. 


Flexible helical rods, 0.3 x 3.5-7.5 um with a wavelength of 0.3— 
0.5 um. Gram-stain-negative. Unicellular. Resting stages are not 
known. Dark-field or phase-contrast microscopy is required for 
visualization of unstained cells. Obligate aerobes. Grows slowly 
at 13, 30, and 37°C, with temperature optimum of 28-30°C. 
Chemoorganotrophic bacteria that consume long-chain fatty 
acids and fatty alcohols as primary carbon and energy sources. 
Optimal growth occurs in semi-solid (0.2%) agar media. Oxi- 
dase-positive. Lipase-positive. Isolated from contaminated cul- 
ture medium, tap water, and uterus of a sow. DNA hybridization 
and 16S rRNA sequence analyzes show this genus is distinct 
from other Leptospiraceae. 

DNA G+C content (mol % ): 47-48. 

Type species: Turneriella parva (Hovind-Hougen, Ellis and 
Birch-Andersen 1981) Levett, Morey, Galloway, Steigerwalt and 


Ellis 2005, 1499’ (Leptospira parva Hovind-Hougen, Ellis and 
Birch-Andersen 1981, 352). 


Further descriptive information 


Taxonomic history. The type strain was isolated from contam- 
inated bovine serum albumin culture media and provisionally 
named Leptospira parva (Hovind-Hougen et al., 1981). Analysis 
of 16S rRNA sequence data indicated that this strain was differ- 
ent from other Leptospira and Leptonema species, and distinct 
from Spirochetaceae (Hookey et al, 1993). Additionally, this 
strain has an unusual aminopeptidase profile as compared to 
other Leptospiraceae (Neill et al., 1983, 1987). These data were 
consistent with DNA hybridization studies that showed no sig- 
nificant sequence similarity to other Leptospiraceae (Brenner 
et al., 1999). Furthermore, the G4C content of genomic DNA, 


GENUS Ill. TURNERIELLA 


at 47-48 mol% (Hovind-Hougen et al., 1981; Neill et al., 1987), 
is inconsistent with known Leptospira and Leptonema species. The 
unique position of the type strain among Leptospiraceae led to 
a proposal for a new genus, Turneria that was approved by the 
International Committee on Systematic Bacteriology Subcom- 
mittee on the Taxonomy of Leptospiraceae in 1990 (Marshall, 
1992). However, the genus name Turneria was found to be ille- 
gitimate due to its use as genus names for plants and animals. A 
description of this bacterial genus was not published in a timely 
manner, leading to further confusion in the literature, with 
references to “Turneria’ and Leptospira parva incertae sedis. The 
accepted name of Turneriella was approved by the taxonomic 
subcommittee in 2005 (Levett and Smythe, 2006) and a descrip- 
tion published by Levett et al. (2005). 


Enrichment and isolation procedures 


The type strain and original isolate was obtained from con- 
taminated bovine serum albumin (BSA) based media used 
for the cultivation of Leptospira (Hovind-Hougen et al., 1981). 
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Presumably, the metabolic capabilities are similar to other 
Leptospiraceae. Cells grow slowly at 13, 30, and 37°C in liquid, 
solid, and semi-solid BSA-Tween based media (EMJH) capable 
of supporting the growth of Leptospira. 


Maintenance procedures 


These bacteria are maintained in liquid nitrogen by plac- 
ing fresh growth in semi-solid BSA-Tween media, e.g., EMJH 
(Ellinghausen and McCullough, 1965; Johnson and Harris, 
19672), in sterile cryogenic vials. Cultures are frozen slowly to 
—70°C before long-term storage in liquid nitrogen. 


Differentiation of Turneriella from other genera 


The G4C content of genomic DNA is 47-48 mol%, which is 
distinct from Leptospira (33—4396) and Leptonema (54%). Phylo- 
genetic analysis of 16S rRNA sequences distinguish Turneriella 
from other Leptospiraceae (Levett et al., 2005). Morphologically, 
Turneriella cells are shorter and have a shorter wavelength than 
other Leptospiraceae. 


List of species of the genus Turneriella 


1. Turneriella parva (Hovind-Hougen, Ellis and Birch- 
Andersen 1981) Levett, Morey, Galloway, Steigerwalt and 
Ellis 2005, 1499"" (Leptospira parva Hovind-Hougen, Ellis and 
Birch-Andersen 1981, 352) 


par'va. L. fem. adj. parva small. 


In addition to the description of the genus, this 
species has the following characteristics. Growth is 
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Hindgut spirochetes of termites and Cryptocercus punctulatus 


Bruce J. PASTER AND JOHN A. BREZNAK 


Spirochetes are commonly observed in the hindguts of ter- 
mites (Table 134) and the wood-eating cockroach Cryptocercus 
punctulatus (Grimstone, 1963). Early workers referred to these 
motile bacteria as spirilla (Leidy, 1877) or vibrios (Leidy, 1881), 
assigned them to currently recognized spirochete genera (see 
Taxonomic comments), or “spirochetes” (Damon, 1926). Later 
studies using electron microscopy confirmed that these bacteria 
were indeed true spirochetes in that they possessed ultrastruc- 
tural characteristics typical of spirochetes. (Bermudes et al., 
1988). Hindgut spirochetes occur free in the gut fluid as well 
as attached to the surfaces of hindgut protozoa. Recently, two 
species of spirochetes from termite hindguts have been grown 
in pure culture and, on the basis of 16S rRNA sequence com- 
parisons, were determined to be species of Treponema, namely 
Treponema azotonutricium and Treponema primitia (Graber et al., 
2004; see chapter on Treponema, in this volume). However, most 
of spirochetes from the termite and cockroach hindguts have 
not been isolated and grown in pure or mixed culture. 

The size of free hindgut spirochetes ranges from about 0.2 um 
in diameter x 3 um long (Breznak and Pankratz, 1977) to as large 
as 1.0 um in diameter x 100 um long (Hollande and Gharago- 
zlou, 1967). Likewise, the number of periplasmic flagella ranges 
from a few per cell to as many as 100 or more in the larger forms 
(Bermudes et al., 1988; To et al., 1978; Wier et al., 2000). How- 
ever, the multiple periplasmic flagella in most of the large forms 
do not generally occur in a tight bundle as in Cristispira. 

Bermudes et al. (1988) presented taxonomic considerations 
of the large uncultivable hindgut spirochetes as based on size, 


number of flagella, amplitude and wavelength of coils, and 
other ultrastructural traits. These distinctive features include 
the following: (a) a crenulated outer sheath (Hollande and 
Gharagozlou, 1967) (Figure 103); (b) a helicoidal groove or 
"sillon", an invagination of the outer membrane that appears to 
be in contact to the inner membrane (Gharagozlou, 1968; Hol- 
lande and Gharagozlou, 1967) (Figure 104); (c) the thickness 
of the outer and inner coat of the outer membrane (Bermudes 
et al., 1988); (d) a polar organelle (Bermudes et al., 1988); and 
(e) cytoplasmic tubules (Bermudes et al., 1988). 

Some hindgut spirochetes attach by one end to the surface 
of certain flagellate protozoa found only in the lower termites 
(i.e., families Mastotermitidae, Kalotermitidae, Hodotermiti- 
dae, Serritermitidae, and Rhinotermitidae) and Cryptocercus 
punctulatus. These spirochetes may be uniformly distributed 
over the surface or localized to specific regions (Ball, 1969; 
Kirby, 1941). Some spirochetes have a structural modification 
of one end of the cell in their attachment to the surfaces of Pyr- 
sonympha (from Reticulitermes flavipes and Reticulitermes tibialis) 
and Barbulanympha (from Cryptocercus punctulatus) (Bloodgood 
and Fitzharris, 1976; Bloodgood et al., 1974). In contrast, some 
protozoa have structural modifications to facilitate spirochetal 
attachment. For example, in Mixotrichia paradoxa in the termite 
Mastotermes darwiniensis, bracketlike elements in the plasma 
membranes serve as attachment points (Cleveland and Grim- 
stone, 1964), whereas in polymastigotes from Reticulitermes flavi- 
pesthe attachment points are screw-like structures (Smith et al., 
1975a, b). In other termite species, both the protozoan plasma 
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Table 134. Distribution of spirochetes in the hindgut of termites and wood-eating cockroaches 


Host genus 


Source location 


References 


Cockroach: 

Cryptocercus punctulatus USA 
Termite: 

Bifiditermes condonesis Australia 


Calcaritermes ( Kalotermes) nigriceps 


British Guinea 


Ceratokalotermes spoliator Australia 
Coptotermes acinaciformis Australia 
Coptotermes formosanus Hawaii 
Coptotermes lacteus Australia 
Cryptotermes brevis USA 
Cryptotermes cavifrons USA 
Cryptotermes gearyi Australia 
Glyptotermes neotuberculatus Australia 
Glyptotermes (Kalotermes) iridipennis Australia 
Heterotermes aureus USA 
Incisitermes rnilleri USA 
Kalotermes (Incisitermes) minor USA 
Kalotermes (Incisitermes) schwarzi USA 
Kalotermes ( Neotermes) jouteli USA 
Kalotermes approximatus USA 
Kalotermes banksiae Australia 
Kalotermes flavicollis France, Spain 
Kalotermes snyderi USA 


Leucopitermes lucifugus 
Leucopitermes tenuis 

Marginitermes (Kalotermes) hubbardi 
Mastotermes darwiniensis 
Nasutitermes costalis 


Bastia, Corsica 
British Guinea 
USA 
Australia 
Puerto Rico 


Nasutitermes exitiosus Australia 
Nasutitermes morio Puerto Rico 
Neotermes castaneus USA 
Neotermes insularis Australia 
Paraneotermes simplicicornis USA 
Porotermes adamsoni Australia 
Postelectrotertnes (Kalotermes) praecox Portugal 
Postelectrotertnes militaris 

Pterotermes occidentis Mexico, USA 
Reticulitermes flavipes USA 
Reticulitermes hageni USA 
Reticulitermes hesperus USA 
Reticulitermes lucifugus Japan, Italy 
Reticulitermes tibialis USA 
Reticulitermes virginicus USA 
Zootermopsis angusticollis USA 
Zootermopsis nevadensis USA 


Hollande and Gharagozlou (1967) 


To et al. (1978) 

Damon (1926) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

Eutick et al. (1978) 

Damon (1926); To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

Damon (1926); To et al. (1978) 
Margulis et al. (1981) 

Margulis et al. (1981) 

Margulis et al. (1981) 
Gharagozlou (1968); To et al. (1978) 
Bermudes et al. (1988) 

Hollande (1922) 

Damon (1926) 

To et al. (1978) 

Cleveland and Grimstone (1964); To et al. (1978) 
To et al. (1978) 

Eutick et al. (1978) 

Damon (1926) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

To et al. (1978) 

Hollande and Gharagozlou (1967) 
Dobell (1910, 1912) 

To et al. (1978) 

Breznak (1984); Damon (1926); Leidy (1877, 1881) 
Damon (1926) 

Margulis et al. (1981) 

Ghidini and Archetti (1939); von Prowazek (1910) 
Bloodgood and Fitzharris (1976) 
Damon (1926) 

Damon (1926); To et al. (1978) 
Damon (1926); To et al. (1978) 


membrane and the spirochetal poles are modified to form an 
attachment complex (Smith and Arnott, 1974). 

Cleveland and Grimstone (1964) demonstrated that adher- 
ent spirochetes serve a locomotory function for Mixotrichia 
paradoxa, although not likely for propulsion. Based on these 
observations, Margulis et al. (1979) proposed that eukary- 
otic flagella and cilia evolved from ectosymbiotic spirochetes. 
However, antibiotic treatment of Mixotrichia paradoxa reduces 
the number of ectobionts and leads to a disintegration of the 
attachment systems rendering the protozoan immotile (Radek 
and Nitsch, 2007). Furthermore, the antibiotic treatment causes 
attached spirochetes to lose their helical shape and form round 
bodies (Radek and Nitsch, 2007). 

From the data on the two cultivable hindgut spirochetes 
(Graber et al., 2004), Treponema azotonutricium ferments carbo- 


hydrates to acetate, ethanol, CO,, and H, as major products and 
is noteworthy in that this species does have nitrogenase activity. 
On the other hand, Treponema primitia ferments carbohydrates 
only to acetate, with little or no nitrogenase activity. Treponema 
azolonutriciumand Treponema primitiaare obligate anaerobes, and 
it is likely that other hindgut spirochetes are anaerobic as they 
become nonmotile and begin to disintegrate when exposed to 
air. Hindgut spirochetes do not invade the hindgut epithelium, 
and the insects harboring them appear vigorous and healthy. 
It has been suggested that hindgut spirochetes may benefit the 
host. Eutick et al. (1978) observed that Nasutitermes exitiosus ter- 
mites had a reduced life span when spirochetes were eliminated 
from the hindgut. 

Motile spirochetes have been observed within the cyto- 
plasm of hindgut protozoa (Kirby, 1941; Margulis et al., 1979; 
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FIGURE 103. Transmission electron micrograph of transverse section 
of large spirochete from the hindgut of Reticulitermes flavipes, showing 
the proposed genus *Pillotina" with a crenulated outer sheath (OS), sil- 
lon or groove (G) and periplasmic flagella (PF). Scale bar = 0.2 pm. 


To et al., 1978). However, it is not clear whether these intracel- 
lular spirochetes are truly symbiotic or were endocytosed into 
food vacuoles. 


Taxonomic comments 


Early workers classified spirochete-like organisms from termite 
hindguts as belonging to known spirochete genera such as “Spi- 
rochaeta termitis’ (Dobell, 1910), “Spirochaeta mine? (von Prowa- 
zek, 1910), “Spirochaeta leucotermitis’ (Hollande, 1922), and 
“Spirochaeta staphylina" (Ghidini and Archetti, 1939); “Treponema 
termiti” and “Treponema mine? (Dobell, 1912); and “Cristispira 
termitis” (Hollande, 1922). Electron microscopy was later used 
to confirm that these organisms possessed ultrastructural fea- 
tures characteristic of spirochetes such as a protoplasmic cyl- 
inder, periplasmic flagella (internal organelles), and an outer 
sheath (Margulis and Hinkle, 1992). Based on morphology 
and electron microscopic studies, new generic and specific epi- 
thets for true spirochetes of termite hindguts have been pro- 
posed. The framework for the morphometric analysis of large 
uncultivable spirochetes was formally proposed to revive four 
earlier-proposed species, namely Pillotina calotermitidis, Diplo- 
calyx calotermitidis, Hollandina pterotermitidis, and Clevelandina 
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FIGURE 104. Transmission electron micrograph of transverse section 
of large spirochete from the hindgut of Reticulitermes flavipes, showing 
the proposed genus *Clevelandina" with sillon or groove (G), outer 
sheath (OS), and periplasmic flagella (PF). Scale bar = 0.2 um. 


reliculitermitidis (Bermudes et al., 1988; Margulis and Hinkle, 
1992). More recently, also on the basis of morphometric analy- 
sis, two new, large pillotinaceous spirochetes, “Canaleparolina 
darwiniensis” and “Diplocalyx cryptotermitidis’, have been pro- 
posed (Wier et al., 2000). “Canaleparolina darwiniensis", the large 
spirochete attached to the protozoan Mixotrichia paradoxa, is 0.5 
um x 25 um in length and has multiple flagella in a 16:32:16 
flagellar arrangement (Wier et al., 2000). “Diplocalyx cryptoter- 
milidis", observed in the hindguts of the dry wood-eating ter- 
mite Cryptotermes cavifrons, is smaller in diameter and has fewer 
flagella than the other large hindgut spirochetes. 

Spirochetal sequences have been obtained from 16S rRNA 
clonal analysis of enrichments of Mixtotricha paradoxa and are 
deposited in GenBank under the accession numbers AJ458944, 
AJ458945, AJ458946, and AJ458947. These sequences rep- 
resent four separate phylotypes that cluster deeply with the 
genus Treponema at about 90% similarity to treponemal phy- 
lotypes from termite hindguts. However, in situ hybridization 
experiments have not yet been performed to verify that the 
sequences obtained were derived from the spirochetes attached 
to Mixotrichia paradoxa. Consequently, these large spirochetes 
from the hindguts of termites and Cryptocercus punctulatus will 
be included in the family Spirochaetaceae until pure cultures are 
obtained and the phylogenetic placement among the spiro- 
chetal genera has been verified. 
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Phylum XVI. Tenericutes Murray 1984a, 356vVP 
(Effective publication: Murray 1984b, 33.) 


DANIEL R. BRowN 


Ten.er'i.cutes. L. adj. tener tender; L. fem. n. cutis skin; N.L. fem. n. Tenericutes prokaryotes 
of a soft pliable nature indicative of a lack of a rigid cell wall. 


Members of the Tenericutes are wall-less bacteria that do not syn- 
thesize precursors of peptidoglycan. 


Further descriptive information 


The nomenclatural type by monotypy (Murray, 1984a) is the 
class Mollicutes, which consists of very small prokaryotes that 
are devoid of cell walls. Electron microscopic evidence for the 
absence of a cell wall was mandatory for describing novel species 
of mollicutes until very recently. Genes encoding the pathways 
for peptidoglycan biosynthesis are absent from the genomes of 
more than 15 species that have been annotated to date. Some 
species do possess an extracellular glycocalyx. The absence of 
a cell wall confers such mechanical plasticity that most molli- 
cutes are readily filterable through 450 nm pores and many spe- 
cies have some cells in their populations that are able to pass 
through 220 nm or even 100 nm filters. However, they may vary 
in shape from coccoid to flask-shaped cells or helical filaments 
that reflect flexible cytoskeletal elements. 


Taxonomic comments 


To provide greater definition and formal nomenclature for 
vernacular names used in the 8th edition of Bergey’s Manual of 
Determinative Bacteriology (Bergey VIII; Buchanan and Gibbons, 
1974), Gibbons and Murray (1978) proposed that the higher 
taxa of prokaryotes be subdivided primarily according to the 
presence and character, or absence, of a rigid or semirigid cell 
wall as reflected in the determinative Gram reaction. Similar 
to the non-hierarchical groupings of Bergey VII, which were 
based on a few readily determined criteria, the “wall-deficient” 
organisms grouped together in the first edition of The Prokary- 
otes included the mollicutes (Starr et al., 1981). While acknowl- 
edging the emerging 16S rRNA-based evidence that indicated 
a phylogenetic relationship between mollicutes and certain 
Gram-stain-positive bacteria in the division Firmicutes, Murray 
(1984b) proposed the separate division Tenericutes for the stable 
and distinctive group of wall-less species that are not simply an 
obvious subset of the Firmicutes. 

The approved divisional rank of Tenericutes and the assignment 
of class Mollicutes as its nomenclatural type (Murray, 1984a) were 
adopted by the International Committee on Systematic Bacte- 
riology’s Subcommittee on the Taxonomy of Mollicutes (Tully, 
1988) and subsequent valid taxonomic descriptions assigned 
novel species of mollicutes to the Tenericutes. However, the second 
(1992) and third (2007) editions of The Prokaryotes described the 
mollicutes instead as Firmicutes with low G+C DNA. The Subcom- 
mittee considered this to be an unfortunate grouping: “While 


the organisms are evolutionarily related to certain clostridia, 
the absence of a cell wall cannot be equated with Gram reac- 
tion positivity or with other members of the Firmicutes. It is 
unfortunate that workers involved in determinative bacteriology 
have a reference in which wall-free prokaryotes are described as 
Gram-positive bacteria” (Tully, 1993a). Despite numerous valid 
assignments of novel species of mollicutes to the Tenericutes dur- 
ing the intervening years, the class Mollicutes was still included 
in the phylum Firmicutes in the most recent revision of the Taxo- 
nomic Outline of Bacteria and Archaea (TOBA), which is based 
solely on the phylogeny of 16S rRNA genes (Garrity et al., 2007). 
The taxon Tenericutes is not recognized in the TOBA, although 
paradoxically it is the phylum consisting of the Mollicutes in the 
most current release of the Ribosomal Database Project (Cole 
et al., 2009). Mollicutes are specifically excluded from the most 
recently emended description of the Firmicutes in Bergey s Manual 
of Systematic Bacteriology (2nd edition, volume 3; De Vos et al., 
2009) on the grounds of their lack of rigid cell walls plus analyses 
of strongly supported alternative universal phylogenetic markers, 
including RNA polymerase subunit B, the chaperonin GroEL, 
several different aminoacyl tRNA synthetases, and subunits of 
F,F-ATPase (Ludwig et al., 2009; Ludwig and Schleifer, 2005). 
The taxonomic dignity of Tenericutes bestowed by its original 
formal validation, and upheld by a quarter of a century of valid 
descriptions of novel species of mollicutes, has therefore been 
respected in this volume of Bergey s Manual. 

Type order: Mycoplasmatales Freundt 1955, 71^- emend. Tully, 
Bové, Laigret and Whitcomb 1993b, 382. 
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Mol'li.cutes or Mol.li.cu'tes. L. adj. mollis soft, pliable; L. fem. n. cutis skin; N.L. fem. pl. n. 


Mollicutes class with pliable cell boundary. 


Very small prokaryotes totally devoid of cell walls. Bounded 
by a plasma membrane only. Incapable of synthesis of pepti- 
doglycan or its precursors. Consequently resistant to penicillin 
and its derivatives and sensitive to lysis by osmotic shock, deter- 
gents, alcohols, and specific antibody plus complement. Gram- 
stain-negative due to lack of cell wall, but constitute a distinct 
phylogenetic lineage within the Gram-stain-positive bacteria 
(Woese et al., 1980). Pleomorphic, varying from spherical or 
flask-shaped structures to branched or helical filaments. The 
coccoid and flask-shaped cells usually range from 200-500 nm 
in diameter, although cells as large as 2000 nm have been seen. 
Replicate by binary fission, but genome replication may pre- 
cede cytoplasmic division, leading to the formation of multi- 
nucleated filaments. Colonies on solid media are very small, 
usually much less than 1 mm in diameter. The organisms tend 
to penetrate and grow inside the solid medium. Under suitable 
conditions, almost all species form colonies that have a char- 
acteristic fried-egg appearance. Usually nonmotile, but some 
species show gliding motility. Species that occur as helical fila- 
ments show rotary, flexional, and translational motility. No rest- 
ing stages are known. 

The species recognized so far can be grown on artificial cell- 
free media of varying complexity, although certain strains may 
be more readily isolated by cell-culture procedures. Many “ Can- 
didatus" species have been proposed and characterized at the 
molecular level, but not yet cultivated axenically. Most cultiva- 
ble species require sterols and fatty acids for growth. However, 
members of some genera can grow well in either serum-free 
media or serum-free media supplemented with polyoxyethyl- 
ene sorbitan. Most species are facultative anaerobes, but some 
are obligate anaerobes that are killed by exposure to minute 
quantities of oxygen. No tricarboxylic acid cycle enzymes, qui- 
nones, or cytochromes have been found. 

All mollicutes are commensals or parasites, occurring in a wide 
range of vertebrate, insect, and plant hosts. Many are significant 


pathogens of humans, animals, insects, or plants. Genome sizes 
range from 580 to 2200 kbp, among the smallest recorded in 
prokaryotes. The genomes of more than 20 species have been 
completely sequenced and annotated to date (Table 135). The 
G+C content of the DNA is usually low, ~23-34 mol%, but in some 
species is as high as ^40 mol% (Bd, T' ). Can be distinguished from 
other bacteria in having only one or two rRNA operons (one spe- 
cies of Mesoplasma has three) and an RNA polymerase that is resis- 
tant to rifampin. The 5S rRNA contains fewer nucleotides than 
that of other bacteria and there are fewer tRNA genes. In some 
genera, instead of a stop, the UGA codon encodes tryptophan. 
Plasmids and viruses (phage) occur in some species. 

Type order: Mycoplasmatales Freundt 1955, 71^- emend. Tully, 
Bové, Laigret and Whitcomb 1993, 382. 


Further descriptive information 


Table 136 summarizes the present classification of the Mollicutes 
into families and genera and provides the major distinguishing 
characteristics of these taxa. The trivial term mycoplasma has 
been used to denote any species included in the class Mollicutes, 
but the term mollicute(s) is now considered most appropriate 
as the trivial name for all members of the class, so that the triv- 
ial name mycoplasma can be retained only for members of the 
genus Mycoplasma. Hemotropic mycoplasmas are referred to by 
the trivial name hemoplasmas. The trivial names ureaplasma, 
entomoplasma, mesoplasma,  spiroplasma, acholeplasma, 
anaeroplasma, and asteroleplasma are commonly used when 
reference is made to members of the corresponding genus. 
Their 16S rRNA gene sequences usefully place the mol- 
licutes into phylogenetic groups (Johansson, 2002; Weisburg 
et al., 1989) and an analysis of 16S rRNA gene sequences is 
now mandatory for characterization of novel species (Brown 
et al., 2007). 16S rRNA gene sequences have also shown that 
certain hemotropic bacteria, previously considered to be 
members of the Rickettsia, belong to the order Mycoplasmatales. 


'(F00z) ‘Te 19 eurtusO Aq poouonbos sem UHS swWo[[ƏK uoruo aU} furo0Jq SIYNIM SMO[[9Á 1491SV ‘JMAVp 

`Wueqguəo olur Apap poirsodop pue pasuanbas 3424 p [-] s1eA0J3s ‘AJaaNIadsad ‘QT pue ç SIVAOIƏS O} 1ƏJƏ1 UNING vən putsp)dp21 pue unawd muspa) 10y eye, 
` (G008) ‘Te 1Ə so[o»uooseA pue (p003) Te 19 uorurpy Aq poouonbos 919M gpp/ pue ggg suens apruownaudoly putsp)doo (ua 

"9[qe[rae JOU “VU :pəuruLIƏ1əp JON ‘pu, 


"pousu 
(6007) ^ -qndun (4,003) 
(9002) (0002) — (F008) (s003) (9661) (z003) (+003) (008) (S003) (6008) (S661) (£003) TI uo (8003) TH 
Te Te TI Te (1002) e2 yer ye Tr Te 12 qe 19 T T Te ə1ədo5 pue Te yəuSnd 
reg vu pu sse[o) JquSruy  so[ppouooseA pnequieq)  uorupounuurg eses ScqsəA Aef  so[pouooseA asdatag = Jaserg  rszzedeq -uouoppe) ss ssep Í — SumqgÁq  -puvirsS SIDUN 
(25) Qisuəp 
SL 06 68 16 66 16 06 L8 88 08 06 L8 06 06 16 06 88 08 L8 Sutpor) 
(25) səuəs 
pu pu pu 8€ pu [33 86 8€ IP Iv L6 pu 9€ I6 LE oP pu pu 0€ Teonomodág 
səum.g 
149 SEPI 669 699 L89 699 68, 689 Le0T 9101 669 469 LEG GLP 96 LoL SIS 189 [174 Surpear uədo 
(95 our) 
]1u93j]uoo 
96 IS S86 S86 L6 86 96 OF 96 v6 S86 86 L6 IS Ig 86 $6 0€ 66 9+9 VNA 
140 SI L8°0 S840 640 080 9670 680 9€ TI ICT 840 0670 L9'0 890 66°0 G80 OT 680 880 (qui) əztçs 
66966 046004 187846 
98MAV 189d OLV DLV LUT 6g dLLO qV 1 661N GAH ild IIs9T af 160d 14S- ua i189/ONYH  OOIV TI-I8SI 160d uens 
š £ E: E € š š E! Š š Š Š š š š š E E E 
š š E š š š š š š š š š š š š š š š š 
BOR : Y Š : s . S 2 3 os ES NS M AE M 
5 & E š š š š š E S: š š š. = = = š. š £ 
o > = š š = E š š = = = Š. * 3 S = S 
ri E 3 3 Š Ë. 8 E Š š = = š. š = = Ei 
Ë * o 8 3 7 - Š š š š š T à 
B 2 m T & E] š E 
5 3 ` = 
2 : E 
l š 4 
z: š. * 
s > š 
2 š 
à ES 
= 


,SourouoS ojnorour poouoanbos jo sNSPLILYO “GEL 318VL 


PHYLUM XVI. TENERICUTES 


570 


`pəzireuuroJ uəəq 1ou seq sapp ouso Jo ou UYIM e1au28 1uoninsuoo IY} Jo uonuvt[UJVy 
"juv[d “q :[eurrue o1&1q9319Aut “N ‘qeurrue oje1q93194 “V tueumq ‘He 


"pipeAur %7?p2s 20)429ua ‘SNIVPIPUVY PHEA :sərpəds Jo sioqumNa 


"uejiq1os əuə[KunəKxoú[od ‘oy g fpoururuo1op ION “pu, 


dIqorseue Aporng V - 00€'T 0 *0 *0 “I puspjdajo21sy anaoopusvjdouvuy sappusnjqo1anuy "AT 

5Iqo1oeue Áporng V + 009‘ T-00S‘T 0 ‘0 ‘0 ‘F muspjdoumuy apaopjusp]doaonuy. sappypwusyjdoa20uy "AT 

0410. Ut poIMMI 394 JON d‘N pu OSS‘ I-06¢ 0 ‘0 “¿6 '0 euse[doyg snjyppipuny,,, SUpas 2014229117 sappmusvjdojou2y "TII 

d'N'V = 049°1-00¢'T 0 '0 ‘0 ‘SI muspdoyouoy 20250 ypusp]dajouoy sapypuspjdojouy "Yr 

Kdo[oudaour [eor dN + 066 6-084, 00 *0 “ç nusvjdoudg anaoopusv]doudg s2]pmuspjdowoguT "TI 

Sad WIM q140Jc) d‘N _ 0S6-GZ8 0 ‘0 ‘0 ‘IL mwusp]dosajy —— avaavypusnjdowojurt sappypwuspjdowogw Y] 

d'N + 006-048 0009 puispjdowojug 2v200pusp]dowojwT sappypwuspjdowogw ‘II 

3idonouH y pu PN 00 ‘0‘T pyauozoqouav H sipos IDJAIJUT pappypusnqoa QA) 1 

3MidonouoH V pu PN 0 ‘0 ‘0 ‘F uoozory aad sipas IDJAIIUT jap musvjdooQw ‘I 

sisÁ[o1pÁq ead] VH + OFT‘T-094 000‘ vusnjqvay 27220jmusvjdooCwr sajpmuispjdoo&py ^] 

yH + 0S&‘T-08¢ F IT ‘6 ‘OIL musupjdooxKqr 2722D]pmwusp]dox(qwr sajpymuuspjdoo&py T 

so1njeaj Surumoq jemqequ juourodmboa (dqx) a8ue.1 2zis əsutouəo ,SoDodg snuəo Kprureq I9piQ 
[o1o159][0q7) 


SAMIYA ssepo aq jo uondtpsoq “GEL IIAYL 


PHYLUM XVI. TENERICUTES 


The phytoplasmas, a large group of uncultivated mollicutes 
occurring as agents that can cycle between plant and inver- 
tebrate hosts, have been given a provisional “Candidatus Phy- 
toplasma” genus designation. The 16S rRNA gene sequences 
from at least ten unique phylotypes, recently discovered among 
the human microbial flora through global 16S rRNA gene PCR 
(Eckburg et al., 2005), cluster distinctly enough to suggest the 
existence of a yet-uncircumscribed order within the class (May 
et al., 2009). 

Non-helical mollicutes isolated from insects and plants have 
been placed in the order Entomoplasmatales, the two genera 
of which are distinguished by their requirement for choles- 
terol (Tully et al., 1993). Members of the genus Entomoplasma 
require cholesterol; those of the genus Mesoplasma do not. 
However, sterol requirements do not correlate well with phy- 
logenetic analyses in other groups. At least four species of 
spiroplasmas do not require sterol for growth, but they do not 
form a phylogenetic group. Within the order including the 
obligately anaerobic mollicutes Anaeroplasmatales, members 
of the genus Anaeroplasma require sterols for growth, whereas 
members of the genus Asteroleplasma do not (Robinson et al., 
1975; Robinson and Freundt, 1987). Thus, sterol requirement 
is a useful phylogenetic marker only in the Acholeplasmatales 
and Anaeroplasmatales. 

In the past, there was some risk of confusing mollicutes with 
wall-less “L, (Lister)-phase" variants of certain other bacteria, but 
simple PCR-based analyses of 16S rRNA or other gene sequences 
now obviate that concern. Wall-less members of the genus Ther- 
moplasma, previously assigned to the Mollicutes, are Archaea and 
differ from all other members of this class in their 16S rRNA 
nucleotide sequences plus a number of important features relat- 
ing to their mode of life and metabolism. Thus, they are quite 
unrelated to this class (Fox et al., 1980; Razin and Freundt, 1984; 
Woese et al., 1980). Members of the Erysipelothrix line of descent, 
also formerly assigned to the Mollicutes, are now assigned to the 
class Erysipelotrichi in the phylum Firmicutes (Stackebrandt, 2009; 
Verbarg et al., 2004). 


Taxonomic comments 


The origin of mollicutes and their relationships to other 
prokaryotes was controversial for many years, especially since 
their small genomes and comparative phenotypic simplicity 
suggested that they might have descended from a primitive 
organism. The first comparative phylogenetic analysis of the 
origin of mollicutes was carried out by oligonucleotide map- 
ping of 16S rRNA gene sequences by Woese et al. (1980). The 
organisms then assigned to the genera Mycoplasma, Spiroplasma, 
and Acholeplasma seemed to have arisen by reductive evolution 
as a deep branch of the clostridial lineage leading to the genera 
Bacillus and Lactobacillus. This relationship had been proposed 
earlier (Neimark, 1979) because the low G+C mollicutes, strep- 
tococci, and lactic acid bacteria share characteristic enzymes. 
In particular, acholeplasma and streptococcus aldolases show 
high amino acid sequence similarity. 

These findings were generally confirmed by studies of 5S 
rRNA gene sequences (Rogers et al., 1985), which included a 
number of acholeplasmas, anaeroplasmas, mycoplasmas, ure- 
aplasmas, and Clostridium innocuum. Dendrograms constructed 
from evolutionary distance matrices indicated that the mol- 
licutes form a coherent phylogenetic group that developed as 
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a branch of the Firmicutes. The initial event in this evolution 
was proposed to be the formation of the Acholeplasma branch, 
although the position of the Anaeroplasma species (Anaero- 
plasma bactoclasticum and Anaeroplasma abactoclasticum) was not 
definitely established within these dendrograms. Formation 
of the acholeplasmas may have coincided with a reduction in 
genome size to about 1500-1700 kb and loss of the cell wall. 
With a genome size similar to the acholeplasmas, the spiroplas- 
mas may have formed from the acholeplasmas. Later indepen- 
dent genome reductions to 500-1000 kb may have led to the 
origins of the sterol-requiring mycoplasma and ureaplasma lin- 
eages. The more extensive phylogenetic analysis of Weisburg 
et al. (1989) examined the 165 rRNA gene sequences of about 
50 species of mollicutes and confirmed a number of these 
observations and provided additional insights into mollicute 
evolution. These results also indicated that the acholeplasmas 
formed upon the initial divergence of mollicutes from clostrid- 
ial ancestors. Further divergence of this stem led to the sterol- 
requiring, anaerobic Anaeroplasma and the non-sterol-requiring 
Asteroleplasma branches. The Spiroplasma branch also appeared 
to originate from within the acholeplasmas, with further evolu- 
tion leading to a series of repeated and independent genome 
reductions from nearly 2000 kb to 600-1200 kb to yield the 
Mycoplasma and Ureaplasma lineages. 

Based on the phylogeny of 16S rRNA genes, the class 
Mollicutes was included in the phylum Firmicutes in the most 
recent revision of the Taxonomic Outline of Bacteria and Archaea 
(Garrity et al, 2007). However, the Mollicutes are excluded 
from the most recently emended description of the Firmicutes 
(De Vos et al., 2009) based on alternative phylogenetic markers, 
including RNA polymerase subunit B, the chaperonin GroEL, 
several different aminoacyl tRNA synthetases, and subunits of 
F,F.-ATPase (Ludwig and Schleifer, 2005). 

The Weisburg et al. (1989) study also proposed five addi- 
tional phylogenetic groupings within the mollicutes, including 
the anaeroplasma, asteroleplasma, spiroplasma, pneumoniae, 
and hominis groups (Figure 105). Phytoplasmas are similar to 
acholeplasmas in their 16S rRNA gene sequences and UGA 
codon usage (IRPCM Phytoplasma/Spiroplasma Working 
Team - Phytoplasma Taxonomy Group, 2004). They probably 
diverged from acholeplasmas at about the same time as the split 
of spiroplasmas into helical and non-helical lineages (Maniloff, 
2002). The modern species concept for mollicutes is justified 
principally by DNA-DNA hybridization, serology, and 16S rRNA 
gene sequence similarity (Brown et al., 2007). A large number 
of individual species have been assigned to phylogenetic groups, 
clusters, and subclusters that also share other characteristics, 
although the cluster boundaries are sometimes subjective 
(Harasawa and Cassell, 1996; Johansson, 2002; Pettersson et al., 
2000, 2001). 

Lastly, the type order Mycoplasmatales is assigned to the class 
as this clearly appeared to be the intention of Edward and Fre- 
undt (1967) in their paper entitled “Proposal for Mollicutes as 
name of the class established for the order Mycoplasmatales". 
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Mycoplasma hominis 


Ureaplasma urealyticum 


Mycoplasma pneumoniae 


Clostridium innocuum 


Scale: ae : 
0.1 substitutions/site 


Mycoplasma coccoides 


Spiroplasma apis 

Mycoplasma mycoides subsp. mycoides 
Entomoplasma ellychniae 
—— Mesoplasma florum 

Spiroplasma citri 

Spiroplasma ixodetis 
Acholeplasma laidlawii 
‘Candidatus Phytoplasma’ strain OY-M 
Anaeroplasma abactoclasticum 


Asteroleplasma anaerobium 


FIGURE 105. Phylogenetic grouping of the class Mollicutes. The phylogram was based on a Jukes-Cantor corrected distance matrix and weighted 
neighborjoining analysis of the 16S rRNA gene sequences of the type genera, plus representatives of other major clusters within the Mycoplas- 
matales and Entomoplasmatales and a phytoplasma. Clostridium innocuum was the outgroup. All bootstrap values (100 replicates) are >50% except 


where indicated (asterisk). 
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Order |. Mycoplasmatales Freundt 1955, 71^ emend. Tully, Bové, Laigret and Whitcomb 1993, 382 


DANIEL R. BRown, MEGHAN May, JANET M. BRAbBURY, KARL-ERIK JOHANSSON AND HAROLD NEIMARK 


My.co.plas.ma.ta'les. N.L. neut. n. Mycoplasma, -atos type genus of the order; -ales ending 
to denote an order; N.L. fem. pl. n. Mycoplasmatales the Mycoplasma order. 


The first order in the class Mollicutes is assigned to a group of 
sterol-requiring, wall-less prokaryotes that occur as commensals 
or pathogens in a wide range of vertebrate hosts. The descrip- 
tion of the order is essentially the same as for the class. A single 
family Mycoplasmataceae with two genera, Mycoplasma and Urea- 
plasma, recognizes the prominent and distinct characteristics of 
the assigned organisms, based on their sterol requirements for 
growth, the capacity of some to hydrolyze urea, and conserved 
16S rRNA gene sequences. 

Type genus: Mycoplasma Nowak 1929, 1349 nom. cons. Jud. 
Comm. Opin. 22, 1958, 166. 


Further descriptive information 


The entire class Mollicutes was encompassed initially by a single 
order. The elevation of acholeplasmas to ordinal rank (Achole- 
plasmatales Freundt, Whitcomb, Barile, Razin and Tully 1984) 
recognized their major distinctions in nutritional, biochemical, 
physiological, and genetic characteristics from other members 
of the class Mollicutes. Subsequently, additional orders were 
proposed to recognize the anaerobic mollicutes and the wall- 
less prokaryotes from plants and insects which were phyloge- 
netically related to the remaining Mycoplasmatales. Thus, the 
Anaeroplasmatales (Robinson and Freundt, 1987) recognized 
the strictly anaerobic, wall-less prokaryotes first isolated from 
the bovine and ovine rumen, and Entomoplasmatales (Tully 
et al., 1993) provided a classification for a number of the mol- 
licutes regularly associated with plant and insect hosts. On the 
basis of 16S rRNA gene sequence similarities (Johansson and 
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Pettersson, 2002), the Mycoplasmatales and Entomoplasmatales 
represent a clade deeply split from the Acholeplasmatales and 
Anaeroplasmatales. 

A growth requirement for cholesterol or serum is shared by 
the organisms assigned to the order Mycoplasmatales, as well as 
most other organisms within the class Mollicutes. Therefore, 
tests for cholesterol requirements are essential to classification. 
Earlier assessments of the growth requirements for cholesterol 
were based upon the capacity of organisms to grow in a number 
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tions of cholesterol were added (Edward, 1971; Razin and Tully, 
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cholesterol concentrations. Polyoxyethylene sorbitan (Tween 
80) and palmitic acid should be included in the base medium 
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Acholeplasma morum require additional fatty acids for adequate 
growth. A modified method utilizing serial passage in selective 
medium has been applied successfully to a large number of 
mollicutes (Rose et al., 1993; Tully, 1995). The Acholeplasmatales 
grow through end-point dilutions in serum-containing medium 
and in serum-free preparations, or occasionally in serum-free 
medium supplemented with Tween 80. Mesoplasmas from the 
order Entomoplasmatales grow in serum-containing medium and 
in serum-free medium supplemented only with Tween 80. Most 
spiroplasmas, also from the Entomoplasmatales, and all members 
of the order Mycoplasmatales grow only in serum-containing 
medium. 
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Family |. Mycoplasmataceae Freundt 1955, 71^ emend. Tully, Bové, Laigret and Whitcomb 1993, 382 


DANIEL R. Brown, MEGHAN May, JANET M. BrapBury, KARL-ERIK JOHANSSON AND HAROLD NEIMARK 


My.co.plas.ma.ta.ce’ae. N.L. neut. n. Mycoplasma, -atos type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Mycoplasmataceae the Mycoplasma family. 


Pleomorphic usually coccoid cells, 300-800 nm in diameter, to 
slender branched filaments of uniform diameter. Some cells 
have a terminal bleb or tip structure that mediates adhesion to 
certain surfaces. Cells lack a cell wall and are bounded only by 
a plasma membrane. Gram-stain-negative due to the absence of 
a cell wall. Usually nonmotile. Facultatively anaerobic in most 
instances, possessing a truncated flavin-terminated electron 
transport chain devoid of quinones and cytochromes. Colonies 
of Mycoplasma are usually less than 1 mm in diameter and colo- 
nies of Ureaplasma are much smaller than that. The typical col- 
ony has a fried-egg or “cauliflower head” appearance. Usually 
catalase-negative. Chemo-organotrophic, usually using either 
sugars or arginine, but sometimes both, or having an obligate 
requirement for urea as the major energy source. Require cho- 
lesterol or related sterols for growth. Commensals or pathogens 
of a wide range of vertebrate hosts. The genome size ranges 
from about 580 to 1350 kbp, as measured by pulsed field gel 
electrophoresis (PFGE) or complete DNA sequencing. 
DNA G+C content (mol % ): about 23-40 (Bd, T). 


Type genus: Mycoplasma Nowak 1929, 1349 nom. cons. Jud. 
Comm. Opin. 22, 1958, 166. 


Further descriptive information 


This family and its type genus Mycoplasma are polyphyletic. Two 
genera, Mycoplasma and Ureaplasma, are currently accepted 
within the family. The genus Mycoplasma is further divisible into 
phylogenetic groups on the basis of 16S rRNA gene sequence 
similarities (Johansson and Pettersson, 2002), including an eco- 
logically, phenotypically, and genetically cohesive group called 
the mycoides cluster, which includes the type species Mycoplasma 
mycoides and other major pathogens of ruminant animals. The 
taxonomic position of the mycoides cluster is an important 
anomaly because molecular markers based upon rRNA and 
other gene sequences indicate that it is closely related to other 
genera usually associated with plant and insect hosts and cur- 
rently classified within the order Entomoplasmatales. Members of 
the genus Ureaplasma are distinguished by their tiny colony size 
and capacity to hydrolyze urea. 


Genus I. Mycoplasma Nowak 1929, 1349 nom. cons. Jud. Comm. Opin. 22, 1958, 166^- 


DANIEL R. BRowN, MEGHAN May, JANET M. BRADBURY, MITCHELL F. BALISH, MICHAEL J. CALCUTT, JOHN l. GLass, SÉVERINE TASKER, 
Joanne B. Messick, KARL-ERIK JOHANSSON AND HAROLD NEIMARK 


My.co.plas'ma. Gr. masc. n. myces a fungus; Gr. neut. n. plasma something formed or molded, a form; N.L. 


neut. n. Mycoplasma fungus form. 


Pleomorphic cells, 300-800 nm in diameter, varying in shape 
from spherical, ovoid or flask-shaped, or twisted rods, to slender 
branched filaments ranging in length from 50 to 500 nm. Cells 
lack a cell wall and are bounded by a single plasma membrane. 
Gram-stain-negative due to the absence of a cell wall. Some have 
a complex internal cytoskeleton. Some have a specific tip struc- 
ture that mediates attachment to host cells or other surfaces. 
Usually nonmotile, but gliding motility has been demonstrated 
in some species. Aerobic or facultatively anaerobic. Optimum 
growth at 37°C is common, but permissive growth temperatures 
range from 20 to 45°C. Chemo-organotrophic, usually using 
either sugars or arginine as the major energy source. Require 
cholesterol or related sterols for growth. Colonies are usually 
less than 1 mm in diameter. The typical colony has a fried-egg 
appearance. The genome size of species examined ranges from 
580 kbp to about 1350 kbp. The codon UGA encodes trypto- 
phan in all species examined. Commensals or pathogens in a 
wide range of vertebrate hosts. 

DNA G+C content (mol 96): 23—40. 

Type species: Mycoplasma mycoides (Borrel, Dujardin- 
Beaumetz, Jeantet and Jouan 1910) Freundt 1955, 73 (Astero- 
coccus mycoides Borrel, Dujardin-Beaumetz, Jeantet and Jouan 
1910, 179). 


Further descriptive information 


The shape of these organisms (trivial name, mycoplasmas) 
can depend on the osmotic pressure, nutritional quality of the 


culture medium, and the growth phase. Some mycoplasmas 
are filamentous in their early and exponential growth phases 
or when attached to surfaces or other cells. This form can 
be transitory, and the filaments may branch or fragment into 
chains of cocci or individual vegetative cells. Many species are 
typically coccoid and never develop a filamentous phase. Some 
species develop specialized attachment tip structures involved 
in colonization and virulence (Figure 106). In Romanowsky- 
type stained blood smears, hemotropic species (trivial name, 
hemoplasmas) appear as round to oval cells on the surface of 
erythrocytes (Figure 107). They may be found individually or, 
during periods of high parasitemia, in pairs or chains giving the 
appearance of pleomorphism. Their small size and the absence 
of cell wall components provide considerable plasticity to 
the organisms, so that cells of most species are readily filterable 
through 450 nm pores, and many species have some cells in the 
population that are able to pass through 220 nm or even 100 
nm filters (Tully, 1983). Descriptions of the morphology, ultra- 
structure, and motility of mycoplasmas should be based on cor- 
relation of the appearance of young exponential-phase broth 
cultures under phase-contrast or dark-field microscopy with 
their appearance using negative-staining or electron micros- 
copy (Biberfeld and Biberfeld, 1970; Boatman, 1979; Carson 
et al., 1992; Cole, 1983). Special attention to the osmolarity of 
the fixatives and buffers is required since these may alter the 
size and shape of the organisms. The classical isolated colony 
is umbonate with a fried-egg appearance, but others may have 
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FIGURE 106. Diverse cellular morphology in the genus Mycoplasma. Scanning electron micrographs of cells 
of (a) Mycoplasma penetrans, (b) Mycoplasma pneumoniae, (c) “Mycoplasma insons”, and (d) Mycoplasma genitalium. 
Bar = | um. Images provided by Dominika Jurkovic, Jennifer Hatchel, Ryan Relich and Mitchell Balish. 


PE 


FIGURE 107. Hemotropic mycoplasmas. (a) Scanning electron micrograph of Mycoplasma ovis cells colonizing 
the surface of an erythrocyte (Neimark et al., 2004); bar = 500 nm. (b) Transmission electron micrograph showing 
fibrils bridging the space between a “Candidatus Mycoplasma kahaneii" cell and a depression in the surface of a 
colonized erythrocyte (Neimark et al., 2002a); bar = 250 nm. Images used with permission. 


either cauliflower-like or smooth colony surfaces (Figure 108), involved in morphogenesis, motility, cytadherence, and cell divi- 
with smooth, irregular or scalloped margins, depending on the sion (Balish and Krause, 2006). In the distantly related species 
species, agar concentration, and other growth conditions. Mycoplasma pneumoniae and Mycoplasma mobile, the cytoskeleton 

A significant minority of species exhibit cell polarization. underlies a terminal organelle. This prominent extension of the 
This depends on Triton X-100-insoluble cytoskeletal structures cytoplasm and cell membrane is the principal focus of adherence 


GENUS I. MYCOPLASMA 


577 


FIGURE 108. Diverse colonial morphology in the genus Mycoplasma. (a) Mycoplasma mycoides PG1* (diameter 
0.50-0.75 mm), (b) Mycoplasma hyopneumoniae NCTC 10110" (diameter 0.15-0.20 mm), (c) Mycoplasma pneumoniae 
NCTC 10119" (diameter 0.05-0.10 mm), and (d) Mycoplasma hyorhinis ATCC 29052 (diameter 0.25-0.30 mm) after 
3, 7,5, and 6 d growth, respectively, on Mycoplasma Experience Solid Medium at 36°C in 95% nitrogen/5% carbon 
dioxide. Original magnification 25x. Images provided by Helena Windsor and David Windsor. 


and is the leading end of cells engaged in gliding motility. In 
Mycoplasma pneumoniae, adhesin proteins are located either all 
over the surface of the organelle or at its distal tip; an unrelated 
adhesin is concentrated at the base of the terminal organelle 
in Mycoplasma mobile (Balish, 2006). Both the formation of this 
attachment organelle of Mycoplasma pneumoniae and the local- 
ization of the adhesins depend upon cytoskeletal proteins that 
form an electron-dense core within its cytoplasm, which is sur- 
rounded by an electron-lucent space (Krause and Balish, 2004). 
The overall appearance of this core is that of two parallel, flat 
rods of differing thickness, with a bend near the cell-proximal 
end (Henderson and Jensen, 2006; Seybert et al., 2006). A bi- 
lobed button constitutes its distal end and its proximal base ter- 
minates in a bowl-like structure. Overall, both the core and the 
attachment organelle are 270-300 nm in length (Hatchel and 
Balish, 2008). Around the onset of DNA replication, a second 
attachment organelle is constructed (Seto et al., 2001). The 
motile force provided by the first organelle reorganizes the cell 
such that the new organelle is moved to the opposite cell pole 
before cell division (Hasselbring et al., 2006). These observa- 
tions suggest that complex coordination exists between attach- 
ment organelle biogenesis, motor activity, the DNA replication 
machinery, and the cytokinetic machinery. Similar structures are 
present in other species of the Mycoplasma pneumoniae cluster, but 
in most cases the attachment organelle is shorter, resulting in 
much of the core protruding into the cell body (Hatchel and Bal- 
ish, 2008). In Mycoplasma mobile, the terminal organelle is com- 
pletely dissimilar, consisting of a cell-distal sphere with numerous 
tentacle-like strands extending into the cytoplasm (Nakane and 
Miyata, 2007). It is comprised of proteins unrelated to those 


found in Mycoplasma pneumoniae, suggesting that it has evolved 
independently. Further distinct cytoskeletal structures appear in 
Mycoplasma penetrans (Jurkovic and Balish, unpublished), “Myco- 
plasma insons” (Relich et al., 2009), and several species of the 
mycoides cluster (Peterson et al., 1973). 

Attachment to eukaryotic host cells is important for the natu- 
ral survival and transmission of mycoplasmas. The prominent 
attachment organelle of species in the Mycoplasma pneumoniae 
cluster is the most extensively characterized determinant of cytad- 
herence. In other species, multiple adhesin proteins are involved 
in cytadherence. When one adhesin is blocked, cytadherence is 
reduced, but not completely lost. For this reason, the adhesins 
appear to be functionally redundant rather than synergistic in 
action. Numerous species possess multigene families of antigeni- 
cally variable proteins, some of which have been implicated in 
host cell attachment or hemagglutination. While this attach- 
ment may serve as a supplemental binding mechanism in species 
such as Mycoplasma gallisepticum and Mycoplasma hominis, variable 
surface proteins are currently the only known mechanism for 
cytadherence and hemagglutination of Mycoplasma synoviae and 
Mycoplasma pulmonis. The avidity of adherence may differ among 
variants in Mycoplasma pulmonis and Mycoplasma hominis. Though 
one or more attachment mechanisms have been described for 
numerous species, there remains a greater number of species 
with no documented system for cytadherence. Strains that lose 
the capacity to cytadhere are almost invariably unable to survive 
in their hosts, but highly invasive species such as Mycoplasma 
alligatoris may not require host cell attachment for infection. 

The mycoplasmas possess a typical prokaryotic plasma 
membrane composed of amphipathic lipids and proteins 
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(McElhaney, 1992a, b, c; Smith, 1992; Wieslander et al., 1992). 
At one time, demonstration of a single unit membrane was 
mandatory for defining all novel species of mollicutes (Tully, 
1995a). Now, when the 16S rRNA gene sequence of a novel spe- 
cies is determined and the candidate is placed in one of the phy- 
logenetic clusters of mollicutes, in the majority of cases it can 
be safely inferred that the organism lacks a cell wall, because 
the majority of others in that cluster will have been shown to 
be solely membrane-bound (Brown et al., 2007). The lack of 
a cell wall explains the resistance of the organisms to lysis by 
lysozyme and their susceptibility to lysis by osmotic shock and 
various agents causing the lysis of bacterial protoplasts (Razin, 
1979, 1983). In certain species, the extracellular surface is tex- 
tured with capsular material or a nap, which can be stained with 
ruthenium red in some cases (Rosenbusch and Minion, 1992). 

These organisms represent some of the most nutritionally 
fastidious prokaryotes, as expected from their greatly reduced 
or minimalist genomes, close association with vertebrate hosts 
as commensals and pathogens, and total dependence upon the 
host to meet all nutritional requirements. They have very limited 
capacity for intermediary metabolism, which restricts the utility of 
conventional biochemical tests for identification. Detailed infor- 
mation on carbohydrate (Pollack, 1992, 1997, 2002; Pollack et al., 
1996), lipid (McElhaney, 1992a), and amino acid (Fischer et al., 
1992) metabolism is available. All species examined have trun- 
cated respiratory systems, lack a complete tricarboxylic acid cycle, 
and lack quinones or cytochromes, which precludes their capacity 
to carry out oxidative phosphorylation. Instead only low levels of 
ATP may be generated through glycolysis or the arginine dihy- 
drolase pathway (Miles, 1992a, b). Fermentative species catabo- 
lize glucose or other carbohydrates to produce ATP and acid and, 
consequently, lower the pH ofthe medium. Non-fermentative spe- 
cies hydrolyze arginine to yield ammonia, some ATP, and carbon 
dioxide, and consequently raise the pH of the medium. Species 
such as Mycoplasma fermentans have both pathways. Species such as 
Mycoplasma bovis evidently lack both pathways, but are capable oxi- 
dizing pyruvate or lactate to yield ATP (Miles, 1992a; Taylor et al., 
1994). Some species cause a pronounced "film and spots" reac- 
tion on media incorporating heat-inactivated horse serum or egg 
yolk: a wrinkled film composed of cholesterol and phospholipids 
forms on the surface of the medium and dark spots containing 
salts of fatty acids appear around the colonies. 

Most mycoplasmas are aerobes or facultative anaerobes, but 
some species such as Mycoplasma muris prefer an anaerobic 
environment. The optimum growth of species isolated from 
homeothermic hosts is commonly at 37°C and the permissive 
temperature range of species from poikilothermic fish and 
reptiles is always above 20-25°C. Thus, growth of the myco- 
plasmas is restricted to mesophilic temperatures. Growth in 
liquid cultures usually produces at most light turbidity and few 
sedimented cells, except for the heavy turbidity and sediments 
usually observed with members of the Mycoplasma mycoides clus- 
ter. Tully (1995b) described in detail the most commonly used 
culture media formulations. Although colonies are occasionally 
first detected on blood agar, complex undefined media such as 
American Type Culture Collection (ATCC) medium 988 (SP-4) 
are usually required for primary isolation and maintenance. 
Cell-wall-targeting antibiotics are included to discourage 
growth of other bacteria. Phenol red facilitates detection of 
species that excrete acidic or alkaline metabolites. Growth of 
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arginine-hydrolyzing species can be enhanced by supplementing 
media with arginine. Commonly used alternatives such as Frey's, 
Hayflick's and Friis' media differ from SP-4 mainly in the propor- 
tions of inorganic salts, amino acids, serum sources, and types 
of antibiotics. For species that utilize both sugars and arginine 
as carbon sources, the pH of the medium may initially decrease 
before rising later during the course of growth (Razin et al., 
1998). Defined mycoplasma culture media have been described 
in detail (Rodwell, 1983), but provision of lipids and amino acids 
in the appropriate ratios is difficult technically (Miles, 1992b). 

Many mobile genetic elements occur in the genus. Four plas- 
mids have been identified in members of the mycoides clus- 
ter (Bergemann and Finch, 1988; Djordjevic et al., 2001; King 
and Dybvig, 1994). Each plasmid is apparently cryptic, with no 
discernible determinants for virulence or antibiotic resistance. 
DNA viruses have been isolated from Mycoplasma bovirhinis 
(Howard et al, 1980), Mycoplasma hyorhinis (Gourlay et al., 
1983) Mycoplasma pulmonis (Tu et al., 2001), and Mycoplasma 
arthritidis (Voelker and Dybvig, 1999). The Mycoplasma pulmonis 
P1 virus and the lysogenic bacteriophage MAVI of Mycoplasma 
arthritidis do not share sequence similarity (Tu et al., 2001; 
Voelker and Dybvig, 1999), whereas the Mycoplasma fermentans 
MFV1 prophage is strikingly similar in genetic organization to 
MAVI (Roske et al., 2004). No role in pathobiology has been 
demonstrated for any virus or prophage. 

The most abundant mobile DNAs in Mycoplasma are inser- 
tion sequence (IS) elements. The first identified units (187158 
of Mycoplasma pulmonis, IS1221 of Mycoplasma hyorhinis, IS 1296 
of Mycoplasma mycoides subsp. mycoides and ISMil of Mycoplasma 
fermentans) are members of the IS3 family (Bhugra and Dyb- 
vig, 1993; Ferrell et al., 1989; Frey et al., 1995; Hu et al., 1990). 
More recently, multiple IS elements of divergent subgroups have 
been identified. Members of the IS4 family include IS7654 and 
ISMmy1 of Mycoplasma mycoides subsp. mycoides (Vilei et al., 1999; 
Westberg et al, 2002), ISMhpl of Mycoplasma hyopneumoniae, 
ISMhpl-like unit of Mycoplasma synoviae, and four distinct ele- 
ments of Mycoplasma bovis (Lysnyansky et al., 2009). Among the 
IS 30 family members identified are 187650 of Mycoplasma fermen- 
tans, ISMhom1 from Mycoplasma hominis, ISMag1 of Mycoplasma 
agalactiae (Pilo et al., 2003), and two IS units of Mycoplasma bovis. 
IS-like elements have also been identified in Mycoplasma leachii, 
Mycoplasma penetrans (belonging to four different families), Myco- 
plasma hyopneumoniae, Mycoplasma flocculare, and Mycoplasma orale. 
Transposases that reside within IS units are also discernable in 
the genome of Mycoplasma gallisepticum (Papazisi et al., 2003). 
In select instances, almost identical IS units have been found 
in species from different phylogenetic clades, which strongly 
suggests lateral gene transfer between species. Despite their 
widespread distribution, IS elements are not ubiquitous in the 
genus. Although the type strains of Mycoplasma bovis (54 IS units 
of seven different types) and Mycoplasma mycoides subsp. mycoides 
(97 elements of three different types) possess large numbers of 
elements, the sequenced genomes of Mycoplasma arthritidis, Myco- 
plasma genitalium, Mycoplasma pneumoniae, and Mycoplasma mobile 
lack detectable IS units. 

Although IS units only encode genes related to transposition, 
large integrating elements have also been identified in diverse 
Mycoplasma species. The Integrative Conjugal Elements (ICE) 
of Mycoplasma fermentans strain PG18" comprise >8% of the 
genome and related units have been identified in Mycoplasma 
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agalactiae, Mycoplasma bovis, Mycoplasma capricolum, Mycoplasma 
hyopneumoniae, and Mycoplasma mycoides subsp. mycoides. In gen- 
eral, such units encode 18-30 genes, can be detected in extra- 
chromosomal forms, and are strain-variable in distribution and 
chromosomal insertion site. Two additional large mobile DNAs, 
designated Tra Islands, were identified in Mycoplasma capricolum 
California kid’. The presence of putative conjugation genes 
and the variability in genomic location of Tra Islands and ICE 
suggest that these are agents of lateral gene transfer. 

The best-studied mycoplasmas are primary pathogens of 
humans or domesticated animals (Baseman and Tully, 1997). 
About half of the listed species occur in the absence of disease, 
but are occasional opportunistic or secondary pathogens. The 
principal human pathogens are Mycoplasma pneumoniae, Myco- 
plasma hominis, and Mycoplasma genitalium, with Mycoplasma pen- 
etrans added to this list due to its association with HIV infections 
(Blanchard, 1997; Blanchard et al., 1997; Tully, 1993; Waites and 
Talkington, 2005). Mycoplasma pneumoniae is one of the main 
agents of community-acquired pneumonia, bronchitis, and 
other respiratory complications (Atkinson et al., 2008). Myco- 
plasma pneumoniae infections can also involve extra-pulmonary 
complications including central nervous system, cardiovascular, 
and dermatological manifestations. Outbreaks cause consider- 
able morbidity and require rapid and effective therapeutic inter- 
vention (Hyde et al., 2001; Meyer and Clough, 1993). Mycoplasma 
hominis occurs more frequently in the urogenital tract of women 
than men and is often found in the genital tract of women with 
vaginitis, bacterial vaginosis, or localized intrauterine infections 
(Keane et al., 2000). The organism can gain access to a fetus 
from uterine sites and it is associated with perinatal morbidity 
and mortality (Goncalves et al., 2002; Waites et al., 1988). It is 
also clearly associated with septicemias and respiratory infections 
and with transplant or joint infections in immunosuppressed 
persons (Brunner et al., 2000; Busch et al., 2000; Fernandez 
Guerrero et al., 1999; Garcia-Porrua et al., 1997; Gass et al., 
1996; Hopkins et al., 2002; Mattila et al., 1999; Tully, 1993; Zheng 
etal., 1997). Mycoplasma genitalium has been associated with non- 
gonococcal urethritis in men (Gambini et al., 2000; Jensen, 2004; 
Jensen et al., 2004; Taylor-Robinson et al., 2004; Taylor-Robinson 
and Horner, 2001; Totten et al., 2001) and urogenital disease in 
women (Baseman et al., 2004; Blaylock et al., 2004). Mycoplasma 
genitalium occurs more frequently in the vagina than in the cer- 
vix or urethra, but it may be involved in cervicitis (Casin et al., 
2002; Manhart et al., 2001). Mycoplasmas are common agents 
of chronic joint inflammation in a wide variety of hosts (Cole 
et al., 1985). Species associated with arthritis in humans include 
Mycoplasma hominis, Mycoplasma fermentans, Mycoplasma genitalium, 
Mycoplasma salivarium, and possibly Mycoplasma pneumoniae in 
juvenile arthritis (Waites and Talkington, 2005). Humans are also 
susceptible to opportunistic zoonotic mycoplasmosis; immuno- 
suppressed persons are highly susceptible. The recent molecular 
confirmation of a Mycoplasma haemofelislike infection in an HIV- 
positive patient (dos Santos et al., 2008) highlights the zoonotic 
potential of the hemoplasmas. 

Mycoplasmas colonize fish, reptiles, birds, and terrestrial 
and aquatic mammals. Some cause significant diseases of cat- 
tle and other ruminants, swine, poultry, or wildlife, and others 
are opportunistic or secondary veterinary pathogens (Simecka 
et al., 1992; Tully and Whitcomb, 1979). The principal bovine 
pathogens include the serovars historically called "Small Colony" 
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types of Mycoplasma mycoides subsp. mycoides, and Mycoplasma 
bovis. Mycoplasma mycoides subsp. mycoides has caused major losses 
of livestock globally in the twentieth century due to contagious 
bovine pleuropneumonia and currently remains a problem in 
Asia and Africa (Lesnoff et al., 2004). Mycoplasma bovis is a wide- 
spread agent of otitis media, pneumonia, mastitis, polyarthri- 
tis, and urogenital disease in cattle and buffaloes. Mycoplasma 
mycoides subsp. capri, Mycoplasma capricolum subsp. capricolum, and 
Mycoplasma agalactiae are important causes of arthritis, mastitis, 
and agalactia in goats and sheep. Mycoplasma mycoides subsp. capri 
(type strain PG3!) properly includes all of the serovars histori- 
cally called “Large Colony” types of subspecies mycoides (Manso- 
Silvan et al., 2009; Shahram et al., 2010). Mycoplasma capricolum 
subsp. capripneumoniae (type strain F38") causes severe conta- 
gious pleuropneumonia in goats (Leach et al., 1993; McMartin 
et al., 1980). Contagious bovine and caprine pleuropneumonia, 
and mycoplasmal agalactia of sheep or goats are subject to con- 
trol through listing in the Terrestrial Animal Health Code of the 
Office International des Epizooties (http://oie.int) as well as 
strict notification and export regulations by individual countries. 
Mycoplasma hyopneumoniae, one of the most difficult species to 
cultivate, causes primary enzootic pneumonia in pigs and exac- 
erbates other porcine respiratory diseases leading to substantial 
economic burdens. Mycoplasma hyosynoviaeis carried in the upper 
respiratory tract, but causes nonsuppurative polyarthritis, usually 
without other serositis, especially in growing pigs. 

The most important poultry pathogens are Mycoplasma gal- 
lisepticum, Mycoplasma synoviae, and Mycoplasma meleagridis, but 
more than 20 other species have been isolated from birds as 
diverse as ostriches, raptors, and penguins (Bradbury and 
Morrow, 2008). Mycoplasma gallisepticum can be transmitted ver- 
tically, venereally, by other direct contact, or by aerosol to cause 
respiratory disease and its sequelae in chickens, turkeys, and 
other birds. It also causes decreased egg production and egg 
quality in chickens. Mycoplasma synoviae can cause a syndrome 
of synovitis, tendonitis, and bursitis in addition to respiratory 
disease in chickens and turkeys, whereas the developmental 
abnormalities and airsacculitis associated with congenital or 
acquired Mycoplasma meleagridis infection seem restricted to tur- 
keys. Mycoplasma gallisepticum and Mycoplasma synoviae are also 
listed in the OIE's Terrestrial Animal Health Code. 

Pathogenicity of specific mycoplasmas has also been reported 
for companion animals (Chalker, 2005; Lemcke, 1979; Messick, 
2003) and a number of wild animal hosts (Brown et al., 2005). 
The respiratory, reproductive, and joint diseases caused in 
rodents by Mycoplasma pulmonis and Mycoplasma | arthritidis 
(Schoeb, 2000) are important models of infection and immu- 
nity in humans and other animals. 

Hemoplasmas infect a variety of wild and domesticated 
animals and are relatively host-specific, although cross-infection 
of related hosts has been reported. Transmission can be achieved 
by ingestion of infected blood or by percutaneous inoculation. 
Arthropod vector transmission of some species is also supported 
by experimentation and by the clustered geographic distribu- 
tion of hemoplasmosis in some studies (Sykes et al., 2007; Willi 
et al., 2006a). The pathogenicity of different hemoplasma spe- 
cies is variable and strain virulence also likely plays a key role in 
the development of disease. For example, Mycoplasma haemofelis 
can induce acute clinical disease in non-splenectomized, immu- 
nocompetent cats, whereas Mycoplasma haemocanis appears able 
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to induce disease only in immunosuppressed or splenectomized 
dogs. Clinical syndromes range from acute fatal hemolytic ane- 
mia to chronic insidious anemia and ill-thrift. Signs may include 
anemia, pyrexia, anorexia, dehydration, weight loss, and infer- 
tility. The presence of erythrocyte-bound antibodies (including 
cold agglutinins), indicated by positive Coombs’ testing, has 
been demonstrated in some hemoplasma-infected animals and 
may contribute to anemia. Animals can remain chronic asymp- 
tomatic carriers of hemoplasmas after acute infection. PCR is the 
diagnostic test of choice for hemoplasma infection. 

Contamination of eukaryotic cell cultures with mollicutes is still 
a common and important yet often unrecognized problem (Tully 
and Razin, 1996). More than 20 species have been isolated from 
contaminated cell lines, but more than 90% of the contamination 
is thought to be caused by just five species of mycoplasma: Myco- 
plasma arginini, Mycoplasma fermentans, Mycoplasma hominis, Myco- 
plasma hyorhinis, and Mycoplasma orale, plus Acholeplasma laidlawii. 
Mycoplasma pirum and Mycoplasma salivarium account for most of 
the remainder (Drexler and Uphoff, 2002). Culture medium com- 
ponents of animal origin, passage of contaminated cultures, and 
laboratory personnel are likely to be the most significant sources 
of cell culture contaminants. PCR-based approaches to detection 
achieve sensitivity and specificity far superior to fluorescent stain- 
ing methods (Masover and Becker, 1996). Another method of 
detection is based on mycoplasma-specific ATP synthesis activity 
present in contaminated culture medium (Robertson and Stemke, 
1995; MycoAlert, Lonza Group). Eradication through treatment of 
contaminated cultures with antibiotics (Del Giudice and Gardella, 
1996) is rarely successful. Strategies for prevention and control of 
mycoplasmal contamination of cell cultures have been described 
in detail (Smith and Mowles, 1996). 

Several categories of potential virulence determinants are 
encoded in the metagenome of pathogenic mycoplasmas. Some 
species possess multiple types of virulence factors. Determinants 
such as adhesins and accessory proteins, extracellular polysaccha- 
ride structures, and pro-inflammatory or pro-apoptotic membrane 
lipoproteins are produced by multiple species. Several species 
excrete potentially toxic by-products of intermediary metabolism, 
including hydrogen peroxide, superoxide radicals, or ammonia. 
Other determinants such as extracellular endopeptidases, nucle- 
ases, and glycosidases seem irregularly distributed in the genus, 
whereas the ADP-ribosylating and vacuolating cytotoxin (pertus- 
sis exotoxin S1 subunit analog) of Mycoplasma pneumoniae and the 
T-lymphocyte mitogen (superantigen) of Mycoplasma arthritidis are 
evidently unique to those species. Reports of a putative exotoxin 
elaborated by Mycoplasma neurolyticum have not been substantiated 
by later work (Tryon and Baseman, 1992). 

Candidate virulence mechanisms, such as motility, biofilm 
formation, or facultative intracellular invasion, are expressed 
by a range of pathogenic species. Several species possess 
systems of variable surface antigens that are thought to be 
important in evasion of the hosts’ adaptive immune responses. 
In addition, a large number of species can suppress or inappro- 
priately stimulate host immune cells and their receptors and 
cytokines through diverse, poorly characterized mycoplasmal 
components. Although candidate virulence factor discovery has 
accelerated significantly in recent years through whole genome 
annotation, the molecular basis for pathogenicity and causal 
relationships with disease still remain to be definitively estab- 
lished for most of these factors (Razin and Herrmann, 2002; 
Razin et al., 1998). 
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Because they lack lipopolysaccharide and a cell wall, and do 
not synthesize their own nucleotides, mycoplasmas are intrin- 
sically resistant to polymixins, B-lactams, vancomycin, fosfomy- 
cin, sulfonamides, and trimethoprim. They are also resistant to 
rifampin because their RNA polymerase is not affected by that 
antibiotic (Bébéar and Kempf, 2005). Individual species exhibit 
an even broader spectrum of antibiotic resistance, such as the 
resistance to erythromycin and azithromycin exhibited by sev- 
eral species, which is apparently mediated by mutation in the 
23S rRNA (Pereyre et al., 2002). Treatment of mycoplasmosis 
often involves the use of antibiotics that inhibit protein syn- 
thesis or DNA replication. Certain macrolides or ketolides are 
used when tetracyclines or fluoroquinolones are inappropri- 
ate. Fluoroquinolones, aminoglycosides, pleuromutilins, and 
phenicols are not widely used to treat human mycoplasmosis 
at present, with the exception of chloramphenicol for neonates 
with mycoplasmosis of the central nervous system unresponsive 
to other antibiotics (Waites et al., 1992), but their use in veteri- 
nary medicine is more common. The long-term antimicrobial 
therapy often required may be due to mycoplasmal sequestra- 
tion in privileged sites, potentially including inside host cells. 
Mycoplasmosis in immunodeficient patients is very difficult to 
control with antibiotic drugs (Baseman and Tully, 1997). 


Enrichment and isolation procedures 


Techniques for isolation of mycoplasmas from humans, various 
species of animals, and from cell cultures have been described 
(Neimark et al., 2001; Tully and Razin, 1983). Typical steps in the 
isolation of mycoplasmas were outlined in the recently revised 
minimal standards for descriptions of new species (Brown et al., 
2007). Initial isolates may contain a mixture of species, so cloning 
by repeated filtration through membrane filters with a pore size 
of 450 or 220 nm is essential. The initial filtrate and dilutions of 
it are cultured on solid medium and an isolated colony is subse- 
quently picked from a plate on which only a few colonies have 
developed. This colony is used to found a new cultural line, which 
is then expanded, filtered, plated, and picked two additional times. 
Hemoplasmas have not yet been successfully grown in continuous 
culture in vitro, although recent work (Li et al., 2008) suggests that 
in vitro maintenance of Mycoplasma suis may be possible. 


Maintenance procedures 


Cultures of mycoplasma can be preserved by lyophilization or cryo- 
genic storage (Leach, 1983). The serum in the culture medium 
provides effective cryoprotection, but addition of sucrose may 
enhance survival following lyophilization. Hemoplasmas can be 
frozen in heparin- or EDTA-anticoagulated blood cryopreserved 
with dimethylsulfoxide. Most species can be recovered with little 
loss of viability even after storage for many years. 


Taxonomic comments 


This polyphyletic genus is divisible on the basis of 16S rRNA and 
other gene sequence similarities into a large paraphyletic clade 
of over 100 species in two groups called hominis and pneumo- 
niae (Johansson and Pettersson, 2002; Figure 109), plus the 
ecologically, phenotypically, and genetically cohesive “mycoides 
cluster” of five species including the type species Mycoplasma 
mycoides (Cottew et al., 1987; Manso-Silvan et al., 2009; Shahram 
et al., 2010). The priority of Mycoplasma mycoides as the type spe- 
cies of the genus Mycoplasma and, hence, the family Mycoplasmata- 
ceae and the order Mycoplasmatales is, in retrospect, unfortunate. 
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The phylogenetic position of the mycoides cluster is eccentrically 
situated to the remaining species of the order Mycoplasmatales, 
amidst genera that are properly classified in the order Entomoplas- 
matales. When the order Entomoplasmatales was established, a cen- 
tury after the discovery of Mycoplasma mycoides, it was explicitly 
accepted that the taxonomic anomaly created by the phyloge- 
netic position of the mycoides cluster will remain impractical to 
resolve (Tully et al., 1993). The few species in the mycoides cluster 
cannot simply be renamed, because confusion and peril would 
result, especially regarding “Small Colony" PG1™like strains of 
Mycoplasma mycoides subsp. mycoides and F38-like strains of Myco- 
plasma capricolum subsp. capripneumoniae, which are highly virulent 
pathogens and subject to strict international regulations. 

Another controversy involves the nomenclature of uncultivated 
hemotropic bacteria originally assigned to the genera Eperythro- 
zoon or Haemobartonella. It is now undisputed that, on the bases of 
their lack of a cell wall, small cell size, low G+C content, use of 
the codon UGA to encode tryptophan, regular association with 
vertebrate hosts, and 16S rRNA gene sequences that are most simi- 
lar (80-84%) to species in the pneumoniae group of Mycoplasma, 
these organisms are properly affiliated with the Mycoplasmatales. 
However, the proposed transfers of Eperythrozoon and Haemobarto- 
nella species to the genus Mycoplasma (Neimark et al., 2001, 2005) 
were opposed on the grounds that the degree of 16S rRNA gene 
sequence similarity is insufficient (Uilenberg et al., 2004, 2006). 
The principal objection to establishing the hemoplasmas in a third 
genus in the Mycoplasmataceae (Uilenberg et al., 2006) is that this 
would compound the polyphyly within the pneumoniae group 
solely on the basis ofa capacity to adhere to erythrocytes in vivo. In 
addition, the transfer of the type species Eperythrozoon coccoides to 
the genus Mycoplasma is complicated by priority because Eperythro- 
zoom predates Mycoplasma. The alternative, to transfer all mycoplas- 
mas to the genus Eperythrozoon, would be completely impractical 
and perilous in part because the epithet Eperythrozoon does not 
indicate an affiliation with Mycoplasmatales. The Judicial Commis- 
sion of the International Committee on Systematics of Prokaryotes 
(ICSP) declined to rule on a request for an opinion in this matter 
(Neimark etal., 2005) during their 2008 meeting, buta provisional 
placement in the genus Mycoplasma has otherwise been embraced 
by specialists in the molecular biology and clinical pathogenicity of 
these and similar hemotropic organisms. At present, the designa- 
tion “Candidatus” must still be used for new types. 

Mycoplasma feliminutum was first described during a time when 
the only named genus of mollicutes was Mycoplasma. Its publication 
coincided with the first proposal of the genus Acholeplasma (Edward 
and Freundt, 1969, 1970), with which Mycoplasma feliminutum is 
properly affiliated through established phenotypic (Heyward et al., 
1969) and 16S rRNA gene sequence (Brown et al., 1995) similari- 
ties. This explains the apparent inconsistencies with its assignment 
to the genus Mycoplasma. The name Mycoplasma feliminutum should 
therefore be revised to Acholeplasma feliminutum comb. nov. The 
type strain is Ben? (=ATCC 257491; Heyward et al., 1969). 

Recent work at the J. Craig Venter Institute, including com- 
plete chemical synthesis and cloning of an intact Mycoplasma 
genitalium chromosome (Gibson et al, 2008) and other work 
with Mycoplasma mycoides “Large Colony” (Lartigue et al., 2009), 
suggests that de novo synthesis of two species of mollicute is immi- 
nent. Transplantation of isolated deproteinized tet"-selectable 
chromosomes from donor Mycoplasma mycoides “Large Colony” 
into recipient Mycoplasma capricolum cells displaced the recipient 
genome and conferred the genotype and phenotype of the donor 
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(Lartigue et al., 2007). Cloning in yeast and subsequent resur- 
rection of Mycoplasma mycoides "Large Colony" genomes as living 
bacteria demonstrate that it is possible to enliven a prokaryotic 
genome constructed in a eukaryotic cell (Lartigue et al., 2009). 
The ICSP subcommittee on the taxonomy of Mollicutes may be 
the first to accommodate a system of nomenclature and classifi- 
cation for species of novel prokaryotes that originate by entirely 
artificial speciation events (Brown and Bradbury., 2008). 


Differentiation of the genus Mycoplasma 
from other genera 


Properties that partially fulfill criteria for assignment to the 
class Mollicutes (Brown et al., 2007) include absence of a cell 
wall, filterability, and the presence of conserved 16S rRNA gene 
sequences. Aerobic or facultatively anaerobic growth in artificial 
medium and a growth requirement for sterols exclude assign- 
ment to the genera Anaeroplasma, Asteroleplasma, Acholeplasma, 
or “Candidatus Phytoplasma”. Non-spiral cellular morphology 
and regular association with a vertebrate host or fluids of ver- 
tebrate origin support exclusion from the genera Spiroplasma, 
Entomoplasma, or Mesoplasma. The inability to hydrolyze urea 
excludes assignment to the genus Ureaplasma. 
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Differentiation of the species of the genus Mycoplasma 


Glucose fermentation and arginine hydrolysis are discriminat- 
ing phenotypic markers (Table 137), but the pleomorphism and 
metabolic simplicity of mycoplasmas has led to a current reliance 
principally on the combination of 16S rRNA gene sequencing and 
reciprocal serology for species differentiation. Failure to cross- 
react with antisera against previously recognized species provides 
substantial evidence for species novelty. For this reason, deposi- 
tion of antiserum against a novel type strain into a recognized 
collection is still mandatory for novel species descriptions (Brown 
et al., 2007). Preliminary differentiation can be by PCR and DNA 
sequencing using primers specific for bacterial 16S rRNA genes 
or the 16S—23S intergenic region. A similarity matrix relating the 
candidate strain to its closest neighbors, usually species with >94% 
16S rRNA gene sequence similarity, will suggest related species 
that should be examined for serological cross-reactivities. 
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FIGURE 109. Phylogenetic relationships in the Mycoplasma hominis and Mycoplasma pneumoniae groups of the order Mycoplasmatales. The phylogram 
was based on a Jukes—Cantor corrected distance matrix and weighted neighbor-joining analysis of the 16S rRNA gene sequences of the type strains, 
except where noted. Acholeplasma (formerly Mycoplasma) feliminutum was the outgroup. The major groups and clusters are defined in terms of posi- 
tions in 16S rRNA showing characteristic base composition and signature positions, plus higher-order structural synapomorphies (Johansson and 
Pettersson, 2002; Weisburg et al., 1989). Bootstrap values (100 replicates) <50% are indicated (*); the branching order is considered to be equivocal. 
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List of species of the genus Mycoplasma 


Mycoplasma mycoides (Borrel, Dujardin-Beaumetz, Jeantet 
and Jouan 1910) Freundt 1955, 73^- (Asterococcus mycoides 
Borrel, Dujardin-Beaumetz, Jeantet and Jouan 1910, 179) 


my.co.i'des. Gr. n. mukés -étos mushroom or other fungus; L. 
suff. -oides (from Gr. suff. -eides, from Gr. n. eidos that which 
is seen, form, shape, figure) resembling, similar; N.L. neut. 
adj. mycoides fungus-like. 

This is the type species of the genus. Cells are pleomor- 
phic and capable of forming long filaments. Nonmotile. An 
extracellular capsule can be visualized by electron micros- 
copy following staining with ruthenium red. Colonies on 
solid agar have a characteristic fried-egg appearance. Grows 
in modified Hayflick medium supplemented with glucose 
at 37°C. 

The species has subsequently been divided as follows. 


Mycoplasma mycoides subsp. capri Manso-Silvan, Vilei, 
Sachse, Djordjevic, Thiaucourtand Frey 2009, 1357‘? (Asterococcus 
mycoides var. capri Edward 1953, 874; Mycoplasma mycoides 
subsp. mycoides var. large colony Cottew and Yeats 1978, 294) 


ca'pri. L. n. caper, -pri goat; L. gen. n. capri of the goat. 

Cells are pleomorphic and capable of forming long fila- 
ments and long, helical rods known as rho forms. Nonmo- 
tile. An extracellular capsule can be visualized by electron 
microscopy following staining with ruthenium red. Colonies 
on solid agar have a characteristic fried-egg appearance and 
are notably larger than those of Mycoplasma mycoides subsp. 
mycoides. Grows in modified Hayflick medium supplemented 
with glucose at 37°C. Formation of biofilms has been dem- 
onstrated (McAuliffe et al., 2006). 

Pathogenic; causes polyarthritis, mastitis, conjunctivi- 
tis (a syndrome collectively termed contagious agalactia), 
pneumonia, peritonitis, and septicemia in goats; and bal- 
anitis and vulvitis in sheep. Transmission occurs via direct 
contact between animals or with fomites, or can be vector- 
borne by the common ear mite (Psoroptes cuniculi). 

Tetracyclines are effective therapeutic agents. Eradica- 
tion from herds is difficult due to the tendency of healthy 
animals to harbor the organism in the ear canal without 
seroconverting. Antigenic cross-reactivity with Mycoplasma 
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DNA G+C 
content Energy Medium pH Representative 
Species Morphology (mol%) source shift Serum source host Relation to host 
M. mycoides subsp. mycoides Pleomorphic 24 G A FB Cattle Pathogen 
M. mycoides subsp. capri Pleomorphic 24 G A FB Goats Pathogen 
M. adleri Coccoidal 29.6 R K E Goats Pathogen 
M. agalactiae Coccoidal 29.7 G A FB, E Goats Pathogen 
M. agassizii Pleomorphic nr G A FB Tortoises Pathogen 
M. alkalescens Coccobacillary 25.9 R K FB Cattle Pathogen 
M. alligatoris Coccoidal nr G A FB Alligators Pathogen 
M. alvi Flask-shaped 26.4 G,R V FB Jattle Commensal 
M. amphoriforme Flask-shaped 34 G A FB Humans Opportunistic 
M. anatis Coccoidal 26.6 G A FB Ducks Opportunistic 
M. anseris Spherical 26 R K E Goose Opportunistic 
M. arginini Coccoidal 27.6 R K E Mammals Pathogen 
M. arthritidis Filamentous 30.7 R K FB Rats Pathogen 
M. auris Pleomorphic 26.9 R K E Goats Commensal 
M. bovigenitalium Pleomorphic 30.4 OH, OA N FB Cattle Pathogen 
M. bovirhinis nr 27:3 G A FB Cattle Opportunistic 
M. bovis Coccobacillary 32.9 OH, OA N FB, E Cattle Pathogen 
M. bovoculi Coccobacillary 29 G A E Jattle Pathogen 
M. buccale Coccobacillary 26.4 R K E Humans Commensal 
M. buteonis Coccoidal 27 G A P Raptors Commensal 
M. californicum Pleomorphic 31.9 OH, OA N E Cattle Pathogen 
M. canadense Coccobacillary 29 R K FB Cattle Pathogen 
M. canis Pleomorphic 28.4 G A FB Dogs Opportunistic 
M. capricolum subsp. capricolum Coccobacillary 23 G A FB, E Goats Pathogen 
M. capricolum subsp. Coccobacillary 24.4 G A FB, E Goats Pathogen 
capripneumoniae 
M. caviae nr nr G A FB Guinea pigs Commensal 
M. cavipharyngis Twisted rod 30 G A E Guinea pigs Commensal 
M. citelli Pleomorphic 27.4 G A FB Squirrels Commensal 
M. cloacale Spherical 26 R K E Galliforms Commensal 
M. coccoides ^ Coccoidal nr U na na Mice Pathogen 
M. collis Coccoidal 28 G A E Rodents Commensal 
M. columbinasale Coccobacillary 32 R K FB Pigeons Commensal 
M. columbinum Pleomorphic 27.3 R K P Pigeons Commensal 
M. columborale Coccoidal 29.2 G A P Pigeons Zommensal 
M. conjunctivae Coccobacillary nr G A FB Goats Pathogen 
M. corogypsi Pleomorphic 28 G A P Vultures Pathogen 
M. cottewii Coccoid 27 G A E Goats Commensal 
M. cricetuli Pleomorphic nr G A E Hamsters Commensal 
M. crocodyli Coccoidal 27.6 G A FB Crocodiles Pathogen 
M. cynos Coccobacillary 25.8 G A FB Dogs Pathogen 
M. dispar Pleomorphic 29.3 G A FB, P Cattle Pathogen 
M. edwardii Coccobacillary 29.2 G A FB Dogs Opportunistic 
M. elephamtis Coccoidal 24 G A E Elephants Commensal 
M. equigenitalium Pleomorphic 31.5 G A E Horses Opportunistic 
M. equirhinis Coccobacillary nr R K E Horses Opportunistic 
M. falconis Coccoidal 27.5 R K P Falcons Opportunistic 
M. fastidiosum Twisted rod 32.3 G A P Horses Commensal 
M. faucium Coccoidal nr R K FB Humans Commensal 
M. felifaucium Coccoidal 31 R K FB, E Pumas Commensal 
M. feliminutum nr 29.1 G A FB Cats Commensal 
M. felis Filamentous 25.2 G A FB Cats Pathogen 
M. fermentans Filamentous 28.7 R, G V FB, E Humans Unclear 
M. flocculare Coccobacillary 33 U N P Pigs Opportunistic 
M. gallinaceum Coccobacillary 28 G A P Galliforms Pathogen 
M. gallinarum Coccobacillary 28 R K P Galliforms Commensal 
M. gallisepticum Flask-shaped 31 G A FB, E Galliforms Pathogen 
M. gallopavonis Coccobacillary 27 G A P Turkeys Opportunistic 
M. gateae nr 28.5 U N FB Cats Opportunistic 
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DNA G+C 
content Energy Medium pH Representative 

Species Morphology (mol%) source shift Serum source host Relation to host 
M. genitalium Flask-shaped 31 G A FB Humans Pathogen 
M. glycophilum Elliptical 27.5 G A E Galliforms Commensal 
M. gypis Coccoidal 27.1 R K P Vultures Opportunistic 
M. haemocanis? Coccoidal nr U na na Dogs Pathogen 
M. haemofelis? Coccoidal 38.8 U na na Cats Pathogen 
M. haemomuris? Coccoidal nr U na na Mice Opportunistic 
M. hominis Coccobacillary 33.7 R K FB Humans Pathogen 
M. hyopharyngis Pleomorphic 24 R K PE Pigs Commensal 
M. hyopneumoniae Coccobacillary 28 G A P, FB Pigs Pathogen 
M. hyorhinis Coccobacillary 27.8 G A FB Pigs Pathogen 
M. hyosynoviae Pleomorphic 28 G A FB Pigs Pathogen 
M. iguanae Zoccoidal nr G A FB Iguanas Pathogen 
M. imitans Flask-shaped 31.9 G A FB Ducks, geese Pathogen 
M. indiense Pleomorphic 32 R K FB Monkeys Commensal 
M. iners nr 29.6 R K P Galliforms Commensal 
M. insons* Twisted rod nr G A FB Iguanas Commensal 
M. iowae Pleomorphic 25 G,R V FB Turkeys Pathogen 
M. lagogenitalium Coccoidal 23 G A FB Pikas Commensal 
M. leachii Pleomorphic nr G A E Cattle Pathogen 
M. leonicaptivi Pleomorphic 27 G A FB Lions Commensal 
M. leopharyngis Pleomorphic 28 G A FB Lions Commensal 
M. lipofaciens Elliptical 24.5 G,R V P Galliforms Commensal 
M. lipophilum Pleomorphic 29.7 R K FB, E Humans Unclear 
M. maculosum Coccobacillary 29.6 R K FB, E Dogs Opportunistic 
M. meleagridis Coccobacillary 28.6 R K P Turkeys Pathogen 
M. microti Coccoidal nr G A FB Voles Commensal 
M. moatsii Spheroidal 25.7 G,R V FB, E Monkeys Commensal 
M. mobile Flask-shaped 25 G,R V E Tench Pathogen 
M. molare Coccoidal 26 G A FB Dogs Opportunistic 
M. mucosicanis* Coccoidal nr U nr E Dogs Commensal 
M. muris Coccoidal 24.9 R K FB Mice Commensal 
M. mustelae Pleomorphic 28 G A E Minks Commensal 
M. neurolyticum Filamentous 26.2 G A E Mice Unclear 
M. opalescens nr 29.2 R K FB Dogs Commensal 
M. orale Pleomorphic 28.2 R K FB, E Humans Commensal 
M. ovipneumoniae nr 25.7 G A FB, P Sheep Pathogen 
M. ovis" Coccoidal nr U na na Sheep Pathogen 
M. oxoniensis Coccoidal 29 G A FB Hamsters Commensal 
M. penetrans Flask-shaped 25.7 G,R V FB Humans Opportunistic 
M. phocicerebrale Dumbbell 25.9 K FB Seals Pathogen 
M. phocidae Coccoidal 27.8 G,R V FB, E Seals Opportunistic 
M. phocirhinis Coccoidal 26.5 R K E,P Seals Pathogen 
M. pirum Flask-shaped 25.5 G A FB Humans Commensal 
M. pneumoniae Flask-shaped 40 G A FB Humans Pathogen 
M. primatum Coccobacillary 28.6 R K FB, E Monkeys Opportunistic 
M. pullorum Coccobacillary 29 G A PE Galliforms Pathogen 
M. pulmonis Flask-shaped 26.6 G A FB, E Mice Pathogen 
M. putrefaciens Coccobacillary 28.9 G A FB, E Goats Pathogen 
M. salivarium Coccoidal 27.8 R K E Humans Opportunistic 
M. simbae Pleomorphic 37 R K FB Lions Commensal 
M. spermatophilum Coccoidal 32 R K FB Humans Pathogen 
M. sphenisci® Pleomorphic 28 G A P Penguins Pathogen 
M. spumans Pleomorphic 28.4 R K FB, E Dogs Opportunistic 
M. sturni Pleomorphic 31 G A FB Songbirds Pathogen 
M. sualvi Coccobacillary 23.7 R,G V FB Pigs Commensal 
M. subdolum Coccoidal 28.8 R K FB, E, P Horses Opportunistic 
M. suis” Coccoidal 31.1 U na na Pigs Pathogen 
M. synoviae Coccoidal 34.2 G A P Galliforms Pathogen 
M. testudineum Coccoidal nr G A FB Tortoises Pathogen 


(Continued) 


586 FAMILY I. MYCOPLASMATACEAE 
TABLE 137. (Continued) 
DNA G+C 
content Energy Medium pH Representative 
Species Morphology (mol%) source shift Serum source host Relation to host 
M. testudinis Flask-shaped 35 G A FB Tortoises Commensal 
M. verecundum Pleomorphic 27 OA N FB, E Cattle Commensal 
“M. vulturis"* Coccoidal nr U na na Vultures Unclear 
M. wenyonii Coccoidal nr U na na Cattle Pathogen 
M. yeatsii Coccoidal 26.6 G na FB Goats Opportunistic 
M. zaloph* nr nr G na FB Sea lions Pathogen 
"Candidatus M. Coccoidal nr U na na Dogs nr 
haematoparvum"^ 
“Candidatus M. haemobos”” Coccoidal nr U na na Jattle nr 
“Candidatus M. Coccoidal nr na na Opossum nr 
haemodidelphidis"^ 
“Candidatus M. haemolamae"^ Coccoidal nr U na na Llamas nr 
“Candidatus M. Coccoidal nr U na na Cats nr 
haemominutum"^ 
“Candidatus M. kahaneii"^ Coccoidal nr U na na Monkeys nr 
“Candidatus M. ravipulmonis" ^ Coccoidal nr U na na Mice Pathogen 
" Candidatus M. Coccoidal nr U na na Reindeer nr 
haemotarandirangiferis"^ 
“Candidatus M. turicensis"^ Coccoidal nr U na na Cats nr 


‘nr, Not reported; na, not applicable; G, glucose; R, arginine; OH, alcohols; OA, organic acids; U, undefined; A, acidic pH shift; K, alkaline pH shift; N, pH remains 
neutral; V, pH shift can be acidic or alkaline depending on the energy source provided; FB, fetal bovine serum; E, equine serum; P, porcine serum. 


"Not yet cultivated in cell-free artificial medium. The putative organism “Candidatus M. haemotarandirangiferis” remains to be definitively established and the name 


has no standing in nomenclature. 


‘Has been grown only in co-culture with eukaryotic cells. 
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mycoides subsp. mycoides precludes the exclusive reliance 
on serological-based diagnostics. Experimental vaccines 
using formalin-inactivated Mycoplasma mycoides subsp. capri 
appear to protect goats from subsequent challenge (Bar- 
Moshe et al., 1984; de la Fe et al., 2007). This organism is 
under certain quarantine regulations in most non-endemic 
countries and is a List B pathogen in the World Organiza- 
tion for Animal Health (OIE) disease classification (http:/ / 
oie.int). 

Source: isolated from the synovial fluid, synovial mem- 
branes, udders, expelled milk, conjunctivae, lungs, blood, 
and ear canals of goats; and the urogenital tract of sheep 
(Bergonier et al., 1997; Cottew, 1979; Kidanemariam et al., 
2005; Thiaucourt et al., 1996). 

DNA G«C content (mol % ): 24 (T). 

Type strain: PG3, NCTC 10137, CIP 71.25. 

Sequence accession nos (16S rRNA gene): U26037 (strain 
PG3"), U26044 (strain Y-goat). 

Further comment: Mycoplasma mycoides subsp. capri now 
refers to strains once known as Mycoplasma mycoides subsp. 
mycoides var. large colony as well as strains known as Myco- 
plasma mycoides subsp. capri (Manso-Silvan et al., 2009; 
Shahram et al., 2010). 


Mycoplasma mycoides subsp. mycoides Manso-Silvan, Vilei, 
Sachse, Djordjevic, Thiaucourt and Frey 2009, 1356 (Myco- 
plasma mycoides subsp. mycoides var. small colony Cottew and 
Yeats 1978, 294) 


my.co.i'des. Gr. n. mukés -étos mushroom or other fungus; L. 
suff. -oides (from Gr. suff. -eides from Gr. n. eidos that which 
is seen, form, shape, figure) resembling, similar; N.L. neut. 
adj. mycoides fungus-like. 


Cells are pleomorphic and capable of forming long 
filaments, but do not produce rho forms. Nonmotile. An 
extracellular capsule can be visualized by electron micros- 
copy following staining with ruthenium red. Colonies on 
solid agar have a characteristic fried-egg appearance and 
are notably smaller than those of Mycoplasma mycoides subsp. 
capri. Grows in modified Hayflick medium supplemented 
with glucose at 37°C. Formation of biofilms has been dem- 
onstrated (McAuliffe et al., 2008). 

Pathogenic; causes a characteristic, highly lethal fibrin- 
ous interstitial pneumonia and pleurisy known as conta- 
gious bovine pleuropneumonia (CBPP) in adult cattle and 
severe polyarthritis in calves. Transmission occurs primarily 
via direct contact, but can occur by droplet aerosol as well. 

Tetracyclines, chloramphenicol, and fluoroquinolones 
are effective chemotherapeutic agents; however, treat- 
ment of endemic herds is often counterproductive as resis- 
tance can develop in carrier animals. Organisms are often 
sequestered in areas of coagulative necrosis in subclinically 
infected animals and can serve as a reservoir for reintroduc- 
tion of resistant clones of Mycoplasma mycoides subsp. mycoides 
into a herd. Culling of infecting herds and restricting the 
movement of infected animals are more effective strategies 
for controlling spread of the disease (Windsor and Masiga, 
1977). Killed and live vaccines are available for the preven- 
tion of infection, but suffer from low antigenicity, poor 
efficacy, and residual pathogenesis (Brown et al., 2005). 
Antigenic cross-reactivity with Mycoplasma mycoides subsp. 
capri and Mycoplasma leachii preclude the exclusive reliance 
on serological-based diagnostics. Multiple molecular diag- 
nostics have been described (Gorton et al., 2005; Loren- 
zon et al., 2008; Persson et al., 1999) and many additional 
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molecular tools such as insertion sequence typing have led 
to a greater understanding of the epidemiology of outbreaks 
(Cheng et al., 1995; Frey et al., 1995; Vilei et al., 1999). This 
organism is under certain quarantine regulations in most 
non-endemic countries and is listed in the Terrestrial Ani- 
mal Health Code of the Office International des Epizooties 
(http://oie.int). 

Source: isolated from the lungs, pleural fluid, lymph 
nodes, sinuses, kidneys, urine, synovial fluid, and syn- 
ovial membranes of cattle and water buffalo (Gourlay and 
Howard, 1979; Scanziani et al., 1997; Scudamore, 1976); 
the respiratory tract of bison; the respiratory tract of yak; 
and the lungs, nasopharynx, and pleural fluid of sheep and 
goats (Brandao, 1995; Kusiluka et al., 2000). 

DNA G+C content (mol96): 26.1 (T,), 24.0 (strain PGIT 
complete genome sequence). 

Type strain: PG1, NCTC 10114, CCUG 32753. 

Sequence accession nos: U26039 (16S rRNA gene), 
BX293980 (strain PG1" complete genome sequence). 

Further comment: Mycoplasma mycoides subsp. mycoides now 
refers exclusively to the agent of CBPP (Manso-Silvan et al., 
2009). 


. Mycoplasma adleri Del Giudice, Rose and Tully 1995, 31V" 


ad'le.ri. N.L. masc. gen. n. adleri of Adler, referring to Henry 
Adler, a Californian veterinarian whose studies contributed 
much new information concerning the pathogenic role of 
caprine and avian mycoplasmas. 

Cells are primarily coccoid. Nonmotile. Colonies on solid 
media have a typical fried-egg appearance. Grows well in 
Hayflick medium supplemented with arginine at 35-37*C. 

Pathogenic; associated with suppurative arthritis and 
joint abscesses. Mode of transmission is unknown. 

Source: isolated from an abscessed joint of a goat with sup- 
purative arthritis (Del Giudice et al., 1995). 

DNA G+C content (mol % ): 29.6 (Bd). 

Type strain: G145, ATCC 27948, CIP 105676. 

Sequence accession no. (16S rRNA gene): U67943. 


. Mycoplasma agalactiae (Wróblewski 1931) Freundt 1955, 
73^ (Anulomyces agalaxiae Wroblewski 1931, 111) 


a.ga.lac.ti'ae. Gr. n. agalactia want of milk, agalactia; N.L. 
gen. n. agalactiae of agalactia. 


Cells are primarily coccoid, but are occasionally branched 
and filamentous. Nonmotile. Colonies on solid media have 
a typical fried-egg appearance. Grows well in SP-4 or Hay- 
flick medium supplemented with glucose at 37°C. Forma- 
tion of biofilms has been demonstrated (McAuliffe et al., 
2006). 

Pathogenic; causes polyarthritis, mastitis, conjunctivi- 
tis (a syndrome collectively termed contagious agalactia; 
Bergonier et al., 1997), nonsuppurative arthritis, pneumo- 
nia, abortion, and granular vulvovaginitis (Cottew, 1983; 
DaMassa, 1996) in goats and sheep. Transmission occurs via 
direct contact, most commonly during feeding (kids and 
lambs) or milking (dams and ewes). 

Macrolides and fluoroquinolones are effective chemo- 
therapeutic agents; however, antimicrobial therapy is not 
often utilized in widespread outbreaks due to the potential 
for infected animals to develop carrier states with resistant 


strains and the tendency of antimicrobials to be excreted 
in milk. Control measures such as disinfection of fomites 
(endemic areas) and culling of infected animals (acute out- 
breaks) are more common practices. Mycoplasma agalactiae 
reportedly shares surface antigens with Mycoplasma bovis 
and Mycoplasma capricolum subsp. capricolum (Alberti et al., 
2008; Boothby et al., 1981), potentially complicating serol- 
ogy-based diagnosis of infection. Molecular diagnostics that 
can distinguish Mycoplasma agalactiae from Mycoplasma bovis 
have been described (Chávez Gonzalez et al., 1995). Com- 
mercially available vaccines are widely used, but exhibit 
poor efficacy. Numerous experimental vaccines have been 
described. This organism is under certain quarantine regu- 
lations in some countries and is listed in the Terrestrial Ani- 
mal Health Code of the Office International des Epizooties 
(http://oie.int). 

Source: isolated from the joints, udders, milk, conjuncti- 
vae, lungs, vagina, liver, spleen, kidneys, and small intestine 
of sheep and goats. 

DNA G«C content (mol% ): 30.5 (T'), 29.7 (strain PG2T 
complete genome sequence). 

Type strain: PG2, NCTC 10123, CIP 59.7. 

Sequence accession nos: M24290 (16S rRNA gene), 
NC_009497 (strain PG2T complete genome sequence). 


. Mycoplasma agassizii Brown, Brown, Klein, McLaughlin, 


Schumacher, Jacobson, Adams and Tully 2001c, 417" 


a.gas.si’zi.i. N.L. masc. gen. n. agassizii of Agassiz, referring 
to Louis Agassiz, a naturalist whose name was assigned to a 
species of desert tortoise (Gopherus agassizii) from which the 
organism was isolated. 


Cells are coccoid to pleomorphic, with some strains 
appearing to possess a rudimentary terminal structure. Cells 
exhibit gliding motility. Colony forms on solid medium vary 
from those with a fried-egg appearance to some with mul- 
berry characteristics. Grows well in SP-4 medium supple- 
mented with glucose at 30°C. 

Pathogenic; causes chronic upper respiratory tract dis- 
ease characterized by severe rhinitis in desert tortoises, 
gopher tortoises, Russian tortoises, and leopard tortoises. 
Mode of transmission appears to be intranasal inhalation 
(Brown et al., 1994). 

Source: isolated from the nares and choanae of desert 
tortoises, gopher tortoises, Russian tortoises, and leopard 
tortoises (Brown et al., 2001c). 

DNA G+C content (mol % ): not determined. 

Type strain: PS6, ATCC 700616. 

Sequence accession no. (16S rRNA gene): U09786. 


. Mycoplasma alkalescens Leach 1973, 149^ 


al.ka.les'cens. N.L. v. alkalesco to make alkaline, referring to 
the reaction produced in arginine-containing media; N.L. 
part. adj. alkalescens alkaline-making. 

Coccoid to coccobacillary cells. Motility and colony mor- 
phology have not been described for this species. Grows 
well in SP-4 medium supplemented with arginine at 37°C. 

Pathogenic; causes febrile arthritis and sometimes masti- 
tis, pneumonia, and otitis in cattle (Kokotovic et al., 2007; 
Lamm et al., 2004; Leach, 1973). Mode of transmission has 
not been established. 
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Tetracyclines and pleuromutilins are effective chemother- 
apeutic agents (Hirose et al., 2003). Mycoplasma alkalescens 
reportedly shares surface antigens with many arginine- 
fermenting Mycoplasma species; however, this is only likely 
to interfere with accurate diagnosis of infection in the case 
of Mycoplasma arginini. 

Source: isolated from the synovial fluid, expelled milk, 
lungs, ears, prepuce, and semen of cattle. 

DNA G+C content (mol % ): 25.9 (T). 

Type strain: D12, PG51, NCTC 10135, ATCC 29103. 

Sequence accession no. (16S rRNA gene): U44764. 

Further comment: Bovine serogroup 8 of Leach (1967). 


. Mycoplasma alligatoris Brown, Farley, Zacher, Carlton, Clip- 


pinger, Tully and Brown 2001a, 423°" 


al.li.ga.to'ris. N.L. n. alligator, -oris an alligator; N.L. gen. n. 
alligatoris of/ from an alligator. 


Cells are primarily coccoid. Nonmotile. Colonies on 
solid medium exhibit typical fried-egg morphology. Growth 
is very rapid in SP-4 medium supplemented with glucose 
at 30°C. 

Pathogenic; causes a multisystemic inflammatory illness 
with a lethality unprecedented among mycoplasmas. Patho- 
logic lesions in infected animals include meningitis, intersti- 
tial pneumonia, fibrinous pleuritis, polyserositis, fibrinous 
pericarditis, myocarditis, endocarditis, synovitis, and splenic 
and hepatic necrosis. A high level of mortality of naturally 
and experimentally infected American alligators (Alligator 
missisippiensis) and broad-nosed caimans (Caiman latiro- 
stris) occurs. In contrast, Mycoplasma alligatoris colonizes 
the tonsils of experimentally infected Siamese crocodiles 
( Crocodylus siamensis) without causing overt pathology. Such 
findings led to the hypothesis that Mycoplasma alligatoris is 
a natural commensal of a species more closely related to 
crocodiles than alligators and that the extreme disease state 
observed in alligators results from an enzoonotic infection 
(Brown et al., 1996; Pye et al., 2001). The natural mode of 
transmission has not been established definitively; however, 
animals can be experimentally infected via inoculation of 
the glottis. 

Source: isolated from the blood, synovial fluid, cerebrospi- 
nal fluid, lungs, brain, heart, liver, and spleen of naturally 
and experimentally infected American alligators, experi- 
mentally infected broad-nosed caimans, and from the ton- 
sils of experimentally infected Siamese crocodiles. 

DNA G+C content (mol % ): not determined. 

Type strain: A21JP2, ATCC 700619. 

Sequence accession no. (16S rRNA gene): U56733. 

Further comment: the name Mycoplasma alligatoris was 
assigned for this organism in consideration of the initial 
isolation from an alligator (Order: Crocodylia). The Eng- 
lish word “alligator” is from the Spanish el lagarto (Latin 
ille lacertu the lizard). However, the specific epithet lacerti, 
originally proposed for this taxon, was ultimately rejected 
because of the modern phylogenetic distinction between 
lizards (Order: Lacertilia) and crocodilians. 


. Mycoplasma alvi Gourlay, Wyld and Leach 1977, 95^ 


al'vi. L. n. alvus bowel, womb, stomach; L. gen. n. alvi of 
the bowel. 


Cells are primarily coccoid; however, subsets of the 
population display elongated, flask-shaped cells with well- 
defined terminal structures. Unlike most species that exhibit 
polar structures, Mycoplasma alvi appears to be nonmotile 
(Bredt, 1979; Hatchel and Balish, 2008). Colonies on solid 
medium exhibit typical fried-egg morphology. Grows well in 
SP-4 medium supplemented with either glucose or arginine 
at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 

Source: isolated from the lower alimentary tract, feces, 
bladder, and vagina of cows, and the intestinal tract of voles 
(Gourlay and Howard, 1979). 

DNA G+C content (mol % ): 26.4 (Bd). 

Type strain: Isley, NCTC 10157, ATCC 29626. 

Sequence accession no. (16S rRNA gene): U44765. 


. Mycoplasma amphoriforme Pitcher, Windsor, Windsor, 


Bradbury, Yavari, Jensen, Ling and Webster 2005, 2592V" 


am.pho.rifor'me. L. n. amphora amphora; L. adj. suff. 
-formis -e like, of the shape of; N.L. neut. adj. amphoriforme 
amphora-shaped, having the form of an amphora. 


Cells are flask-shaped with a distinct terminal structure 
reminiscent of Mycoplasma gallisepticum. Cells exhibit low- 
speed gliding motility and move in the direction of the ter- 
minal structure (Hatchel et al., 2006). Colony morphology 
variable, from a typical fried-egg morphology to a "ground 
glass" appearance. Grows well in SP-4 medium supple- 
mented with glucose at 37°C. 

Pathogenicity and mode of transmission have not been 
established definitively. 

Despite showing sensitivity to fluoroquinolones, tetra- 
cyclines, and macrolides in vitro, Mycoplasma amphoriforme 
appears to be successfully evasive during treatment of 
patients with these antibiotics. The veterinary antibiotic 
valnemulin is successful at controlling infection (Webster 
et al., 2003). 

Source: isolated from the sputum of immunocompro- 
mised humans with bronchitis and related lower respira- 
tory tract disease (Pitcher et al., 2005; Webster et al., 2003). 
The prevalence of Mycoplasma amphoriforme in the general 
human population is unsubstantiated. 

DNA G+C content (mol % ): 34.0 (fluorescent intensity). 

Type strain: A39, NCTC 11740, ATCC BAA-992. 

Sequence accession no. (16S rRNA gene): FJ226575. 


. Mycoplasma anatis Roberts 1964, 471^ 


a.na'tis. L. n. anas, -atis a duck; L. gen. n. anatis of a duck. 


Cells have been described as coccoid with ring forms, but 
cellular and colony morphologyis generally poorly described. 
Motility for this species has not been assessed. Grows well in 
SP-4 medium supplemented with glucose 37°C. 

Isolated from pathologic lesions, but attempts to repro- 
duce disease following experimental infection have been 
equivocal (Amin and Jordan, 1978; Roberts, 1964). The 
mode of transmission has not been established definitively. 

Source: isolated from pathologic lesions, the respiratory 
tract, hock joint, pericardium, cloaca, and meninges of 
ducks (Goldberg et al., 1995; Ivanics et al., 1988; Tiong, 
1990). 
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DNA G+C content (mol% ): 26.6 (Bd). 
Type strain: 1340, ATCC 25524, NCTC 10156. 
Sequence accession no. (16S rRNA gene): AF412970. 


Mycoplasma anseris Bradbury, Jordan, Shimizu, Stipkovits 
and Varga 1988, 76V? 


an'se.ris. L. gen. n. anseris of the goose. 


Cells are primarily spherical. Nonmotile. Colonies on 
solid medium have a typical fried-egg appearance. Grows 
well in Hayflick medium supplemented with arginine at 
37°C. 

Opportunistic pathogen; associated with balanitis of 
geese, but can be isolated from clinically normal animals. 
Mode of transmission has not been established definitively. 

Source: isolated from the phallus and cloaca of geese 
(Hinz et al., 1994; Stipkovits et al., 1984a). 

DNA G+C content (mol % ): 24.7-26.0 (Bd/T,). 

Type strain: 1219, ATCC 49234. 

Sequence accession no. (16S rRNA gene): AF125584. 


Mycoplasma arginini Barile, Del Giudice, Carski, Gibbs and 
Morris 1968, 4904" 


ar.gi.ni'ni. N.L. n. argininum arginine, an amino acid; N.L. 
gen. n. arginini of arginine, referring to its hydrolysis. 

Cells are primarily coccoid. Motility for this species has 
not been assessed. Colonies have either the typical fried-egg 
morphology or a granular, “berry-like” appearance. Grows 
well in modified Hayflick medium supplemented with argi- 
nine at 37°C. 

Pathogenic; associated with pneumonia, vesiculitis, kera- 
toconjunctivitis, and mastitis in cattle; pneumonia and ker- 
atoconjunctivitis in sheep; possibly with arthritis in goats; 
and septicemia in immunocompromised humans (Tully 
and Whitcomb, 1979; Yechouron et al., 1992). Modes of 
transmission have not been definitively assessed and likely 
vary by anatomical site. 

Mycoplasma arginini is commonly associated with contam- 
ination of eukaryotic cell culture and is frequently removed 
by treatment of cells with antibiotics and/or maintenance of 
cell lines in antibiotic-containing medium. The most effec- 
tive classes of antibiotics for cell culture eradication are tet- 
racyclines, macrolides, and fluoroquinolones. Additionally, 
passage of eukaryotic cells in hyperimmune serum raised 
against Mycoplasma arginini has been shown to be an effec- 
tive method of eradication (Jeansson and Brorson, 1985). 

Source: isolated from a wide array of mammalian hosts 
including cattle, sheep, goats, pigs, horses, domestic dogs, 
domestic cats, lions, lynxes, cheetahs, chamois, camels, 
ibexes, humans, and mice. 

DNA G+C content (mol % ): 27.6 (T). 

Type strain: G230, ATCC 23838, NCTC 10129, CIP 71.23, 
NBRC 14476. 

Sequence accession no. (16S rRNA gene): U15794. 


Mycoplasma arthritidis (Sabin 1941) Freundt 1955, 73*- 
(Murimyces arthritidis Sabin 1941, 57) 


ar.thri'ti.dis. Gr. n. arthritis -idos gout, arthritis; N.L. gen. n. 
arthritidis of arthritis. 


Cells are filamentous and vary in length. Motility for this 
species has not been assessed. Colonies on solid medium 
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have a typical fried-egg appearance. Grows well in SP-4 
medium supplemented with arginine. 

Pathogenic; causes purulent polyarthritis, rhinitis, otitis 
media, ocular lesions, and abscesses in rats. Mycoplasma 
arthritidis is also known to superinfect lung lesions initiated 
by Mycoplasma pulmonis. Experimental inoculations via vari- 
ous routes can result in septicemia, acute flaccid paralysis, 
and pyelonephritis in rats, and chronic arthritis in mice and 
rabbits. Mycoplasma arthritidis is unique among mycoplasmas 
in harboring the lysogenized bacteriophage MAVI, whose 
contribution to virulence is equivocal, and producing the 
potent mitogen MAM, which appears to confer increased 
toxicity and lethality but to be irrelevant to arthritogenicity 
(Clapper et al., 2004; Luo et al., 2008; Voelker et al., 1995). 
The mechanism of transmission is largely dependent on the 
tissue infected. 

Source: isolated from the synovial membranes, synovial 
fluid, middle ear, eye, abscessed bone, abscessed ovary, and 
oropharynx of wild and captive rats. Isolations have also 
been reported from non-human primates including rhesus 
monkeys and bush babies (Somerson and Cole, 1979); and 
from joint fluid of wild boars (Binder et al., 1990). The true 
origins of putative isolates from the human urethra, pros- 
tate, and cervix have been questioned (Cassell and Hill, 
1979; Washburn et al., 1995). 

DNA G+C content (mol%): 30.0 (T ; strain PG67), 30.7 
(strain 158L3-1 complete genome sequence). 

Type strain: PG6, ATCC 19611, NCTC 10162, CIP 104678, 
NBRC 14860. 

Sequence accession nos: M24580 (16S rRNA gene), 
CP001047 (strain 158L3-1 complete genome sequence). 


Mycoplasma auris DaMassa, Tully, Rose, Pitcher, Leach and 
Cottew 1994, 483V* 


au'ris. L. gen. n. auris ofthe ear, referring to the provenance 
of the organism, the ears of goats. 


Cells are coccoid to pleomorphic. Nonmotile. Colo- 
nies on solid medium have a typical fried-egg appearance. 
Grows well in Hayflick medium supplemented with argin- 
ine at 37°C. 

No evidence of pathogenicity. Mechanism of transmis- 
sion has not been established. 

Source: isolated from the external ear canals of goats 
(Damassa et al., 1994). 

DNA G+C content (mol % ): 26.9 (T). 

Type strain: UIA, ATCC 51348, NCTC 11731, CIP 
105677. 

Sequence accession no. (16S rRNA gene): U67944. 


Mycoplasma bovigenitalium Freundt 1955, 73^- 


bo.vi.ge.ni.ta'li.um. L. n. bos, bovis the ox, bull, cow; L. pl. 
n. genitalia the genitals; N.L. pl. gen. n. bovigenitalium of 
bovine genitalia. 

Cells range from coccoid to filamentous. Motility for this 
species has not been assessed. Colonies on solid medium 
have a typical fried-egg appearance. Grows well in SP-4 
broth supplemented with glucose and/or arginine at 37°C 
and produces a “film and spots” reaction. 

Pathogenic; causes vulvovaginitis, vesiculitis, epididymi- 
tis, abortion, infertility, mastitis, pneumonia, conjunctivitis, 
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and arthritis in cattle; and pneumonia and conjunctivitis in 
domestic dogs. Mode of transmission is via sexual contact 
and/or droplet aerosol. 

Control measures during outbreaks of Mycoplasma bovi- 
genitalium infection include suspension of natural breeding 
in favor of artificial insemination with disposable instru- 
ments and, in severe cases, culling of infected animals. 

Source: isolated from the udders, seminal vesicles, pre- 
puce, semen, vagina, cervix, lungs, conjunctivae, and joint 
capsule of cattle; and from the lungs, prepuce, prostate, 
vagina, cervix, and conjunctivae of domestic dogs (Chalker, 
2005; Gourlay and Howard, 1979). 

DNA G+C content (mol % ): 30.4 (T). 

Type strain: PG11, ATCC 19852, NCTC 10122, NBRC 
14862. 

Sequence 
AY121098. 

Further comment: the collection of strains formerly referred 
to as “Mycoplasma ovine/caprine serogroup 11” have been 
reclassified as Mycoplasma bovigenitalium (Nicholas et al., 
2008). 


Mycoplasma bovirhinis Leach 1967, 313^ 


bo.vi.rhi'nis. L. n. bos, bovis the ox; Gr. n. rhis, rhinos nose; 
N.L. gen. n. bovirhinis of the nose of the ox. 


accession nos (16S rRNA gene): M24291, 


Cell and colony morphology and motility for this spe- 
cies are poorly defined. Grows well in SP-4 medium supple- 
mented with glucose at 37°C. 

Pathogenic; causes pneumonia, otitis, conjunctivitis, and 
mastitis in cattle. Mycoplasma bovirhinis is often found in co- 
infections with other pathogens, leading to speculation that 
it often acts as a superinfecting agent. Mode of transmission 
has not been established definitively. 

Source: isolated from the lungs, nasopharynx, trachea, 
udders, expelled milk, ears, conjunctivae, and rarely from 
the urogenital tract of cattle (Gourlay and Howard, 1979). 

DNA G«C content (mol96): 27.8 (T). 

Type strain: PG43, ATCC 27748, NCTC 10118, CIP 71.24, 
NBRC 14857. 

Sequence accession no. (16S rRNA gene): U44766. 


Mycoplasma bovis (Hale, Hemboldt, Plastridge and Stula 
1962) Askaa and Erng 1976, 325^- (Mycoplasma agalactiae 
var. bovis Hale, Hemboldt, Plastridge and Stula 1962, 591; 
Mycoplasma bovimastitidis Jain, Jasper and Dellinger 1967, 
409) 


bo'vis. L. n. bos the ox; L. gen. n. bovis of the ox. 


Cells range from coccoidal to short filaments. Nonmotile. 
Formation of biofilms has been demonstrated (McAuliffe 
et al., 2006). Colonies on solid medium have the typical 
fried-egg appearance, with notably large centers. Grows 
well in SP-4 medium supplemented with glucose at 37°C 
and produces a “film and spots” reaction. 

Pathogenic; causes mastitis, polyarthritis, keratoconjunc- 
tivitis (Gourlay and Howard, 1979), pneumonia, and otitis 
media (Caswell and Archambault, 2007; Maeda et al., 2003), 
and is rarely associated with infertility, abortion, endometri- 
tis, salpingitis, and vesiculitis (Doig, 1981; Gourlay and How- 
ard, 1979) in cattle; pneumonia and polyarthritis in bison 
(Dyer et al., 2008); and is rarely associated with pneumonia, 
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mastitis, and arthritis in goats (Egwu et al., 2001; Gourlay 
and Howard, 1979). Mode of transmission is via direct con- 
tact with infected animals or fomites, most commonly dur- 
ing feeding (suckling or trough), milking (cows), aerosol, 
or sexual contact. 

Macrolides and fluoroquinolones are effective chemo- 
therapeutic agents in vitro; however, antimicrobial therapy 
is not often utilized in animals with advanced disease due 
to poor efficacy and the tendency of antimicrobials to be 
excreted in milk. Control measures such as disinfection 
of fomites, isolation of infected animals, and euthanasia 
of animals showing clinical signs are more common prac- 
tices. Mycoplasma bovis reportedly shares surface antigens 
with Mycoplasma agalactiae (Boothby et al., 1981), poten- 
tially complicating serology-based diagnosis of infection. 
Molecular diagnostics that can distinguish Mycoplasma aga- 
lactiae from Mycoplasma bovis have been described (Chavez 
Gonzalez et al., 1995). Several vaccines are commercially 
available, but exhibit poor efficacy in that they tend to allow 
for the establishment of infection while only preventing 
overt clinical signs. 

Source: isolated from the udders, expelled milk, synovial 
fluid, synovial membranes, conjunctivae, lungs, ear canals, 
tympanic membranes, aborted calves, uterus, cervix, vagina, 
and semen of cattle; from the lungs and synovial fluid of 
bison; and from the lungs and udders of goats. 

DNA G+C content (mol % ): 32.9 (T). 

Type strain: Donetta, PG45, ATCC 25523, NCTC 10131. 

Sequence accession no. (16S rRNA gene): AJ419905. 

Further comment: Bovine serotype 5 of Leach (1967). 


Mycoplasma bovoculi Langford and Leach 1973, 1443^- 


bo.vo'cu.li. L. n. bos, bovis ox, bull, cow; L. n. oculus the eye; 
N.L. gen. n. bovoculi of the bovine eye. 


Cells are coccoid to coccobacillary. Motility for this 
species has not been assessed. Colonies on solid medium 
have a typical fried-egg appearance. Grows well in Hayflick 
medium supplemented with glucose at 37°C. 

Pathogenic; causes conjunctivitis and keratoconjunctivi- 
tis in cattle. Face flies are the suggested mechanism of trans- 
mission, though this has yet to be established definitively. 
Topical application of oxytetracycline is an effective treat- 
ment for infection. 

Source: isolated from the conjunctivae and semen of cat- 
tle, and from aborted calves (Langford and Leach, 1973; 
Singh et al., 2004). 

DNA G+C content (mol96): 99.0 (T. ). 

Type strain: M165/69, NCTC 10141, ATCC 29104. 

Sequence accession no. (16S rRNA gene): U44768. 

Further comment: Mycoplasma | bovoculi was originally 
described as Mycoplasma oculi by Leach in 1973, wherein 
the defining publication referring to the species as Myco- 
plasma bovoculi (Langford and Leach, 1973) was cited as "in 
press". 


Mycoplasma buccale Freundt, Taylor-Robinson, Purcell, 
Chanock and Black 1974, 252^- 

buc.ca'le. L. n. bucca the mouth; L. neut. suff. -ale suffix 
denoting pertaining to; N.L. neut. adj. buccale buccal, per- 
taining to the mouth. 
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Cells range from coccoid to filamentous. Motility for this 
species has not been assessed. Colonies on solid medium 
have a typical fried-egg appearance. Grows well in Hayflick 
medium supplemented with arginine and herring sperm 
DNA at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been assessed definitively. 

Source: isolated from the oropharynx of humans, rhesus 
macaques, chimpanzees, orangutans, baboons, African 
green monkeys, crab-eating macaques, and patas monkeys 
(Somerson and Cole, 1979). 

DNA G+C content (mol % ): 26.4 (T). 

Type strain: CH20247, ATCC 23636, NCTC 10136, CIP 
105530, NBRC 14851. 

Sequence accession no. (16S rRNA gene): AF125586. 


Mycoplasma buteonis Poveda, Giebel, Flossdorf, Meier and 
Kirchhoff 1994, 97°? 


bu.te.o’nis. L. masc. n. buteo, -onis buzzard; L. masc. gen. n. 
buteonis of the buzzard. 


Cells are coccoid. Motility for this species has not been 
assessed. Colonies on solid medium have typical fried-egg 
appearance. Grows well in modified Frey’s medium supple- 
mented with glucose at 37°C. 

Mycoplasma buteonis may be pathogenic for saker falcons, 
as it was found in the respiratory tract, nervous system, and 
bone of a nestling with pneumonia, hepatitis, ataxia, and 
dyschondroplasia. No evidence of pathogenicity for buz- 
zards. Mode of transmission has not been assessed. 

Source: isolated from the trachea of buzzards; from the 
eggs of the lesser kestrel; and the trachea, lungs, brain, and 
bone marrow of the saker falcon. Has been detected in the 
common kestrel and the Western marsh harrier (Erdélyi 
et al., 1999; Lierz et al., 2008a, 2008c). 

DNA G+C content (mol % ): 27.0 (Bd). 

Type strain: Bb/T2g, ATCC 51371. 

Sequence accession no. (16S rRNA gene): AF412971. 


Mycoplasma californicum Jasper, Erng, Dellinger and 
Christiansen 1981, 344°” 

ca.li.for'ni.cum. N.L. neut. adj. californicum pertaining to 
California. 


Cells are coccoid to filamentous. Motility for this spe- 
cies has not been assessed. Colonies are conical in shape 
with distinct small centers. Grows well in modified Hayflick 
broth at 37°C. 

Pathogenic; causes purulent mastitis in cows and rarely 
in sheep. Mode of transmission has not been established 
definitively. 

Source: isolated from the udders and expelled milk of 
cows and ewes. 

DNA G+C content (mol 96): 31.9 (Bd). 

Type strain: ST-6, ATCC 33461, AMRC-C 1077, NCTC 
10189. 

Sequence accession no. (16S rRNA gene): M24582. 


Mycoplasma canadense Langford, Ruhnke and Onoviran 
1976, 218^ 


ca.na.den'se. N.L. neut. adj. 
Canada. 


canadense pertaining to 
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Cells are coccoid to coccobacillary. Motility for this 
species has not been assessed. Colonies on solid agar have 
a characteristic fried-egg appearance. Grows well in SP-4 
medium supplemented with arginine at 37°C. 

Pathogenic; causes mastitis and arthritis, and may be asso- 
ciated with infertility, abortion, and pneumonia of cattle. 
Mode of transmission has not been established definitively. 

Source: isolated from the udders, expelled milk, synovial 
membranes, aborted calves, vagina, semen, and lungs 
(Boughton et al., 1983; Friis and Blom, 1983; Gourlay and 
Howard, 1979; Jackson et al., 1981). 

DNA G+C content (mol % ): 29.0 (T). 

Type strain: 275C, NCTC 10152, ATCC 29418. 

Sequence accession no. (16S rRNA gene): U44769. 


Mycoplasma canis Edward 1955, 90^- 
ca'nis. L. n. canis, -isa dog; L. gen. n. canis of a dog. 


Cells are pleomorphic, exhibiting branched and filamen- 
tous forms. Motility for this species has not been assessed. 
Colonies on solid medium exhibit two stable forms: *smooth" 
colonies with a nongranular appearance and round edges; 
and “rough” colonies with a granular appearance and irreg- 
ular or crenated edges. Each form maintains its characteris- 
tic appearance during repeated subculturing. Grows well in 
SP-4 medium supplemented with glucose at 37°C. 

Opportunistic pathogen; associated with infertility and 
adverse pregnancy outcomes, endometritis, epididymi- 
tis, urethritis, cystitis, and pneumonia of domestic dogs 
(Chalker, 2005); pneumonia of cattle (ter Laak et al., 
1992b); and pneumonia in immunocompromised humans 
(Armstrong et al., 1971). Mode of transmission is via sex- 
ual contact or aerosol. Mycoplasma canis appears to have a 
greater tendency toward upper respiratory tract commen- 
salism and urogenital tract pathogenicity in dogs, while 
exhibiting pathogenicity for the respiratory tract of cattle. 

Source: isolated from the cervix, vagina, prepuce, 
epididymis, prostate, semen, urine, bladder, oropharynx, 
nares, lungs, trachea, conjunctivae, kidneys, spleen, peri- 
cardium, liver, and lymph nodes of domestic dogs; from the 
lungs and oropharynx of cattle; from the lungs and phar- 
ynx of humans; and from the throat and rectum of baboons 
and African green monkeys. 

DNA G+C content (mol % ): 28.4 (T. ). 

Type strain: PG14, ATCC 19525, NCTC 10146, NBRC 
14846. 

Sequence accession no. (16S rRNA gene): AF412972. 


Mycoplasma capricolum Tully, Barile, Edward, Theodore 
and Erng 1974, 116^- 


ca.pri.co'lum. L. n. caper, -pri the male goat; N.L. -suff. colus, 
-a, -um (from L. v. incolere to dwell) dwelling; N.L. neut. adj. 
capricolum dwelling in a male goat. 

Cells are coccobacillary. Nonmotile. Colonies on solid 
agar have a characteristic fried-egg appearance. Grows in 
SP-4 or modified Hayflick medium supplemented with glu- 
cose at 37°C. 

DNA G+C content (mol96): 24.1 (T). 

Type strain: California kid, ATCC 27343, NCTC 10154, 
CIP 104620. 

The species has subsequently been divided as follows. 
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Mycoplasma capricolum subsp. capricolum (Tully, Barile, 
Edward, Theodore and Erng 1974) Leach, Erng and 
MacOwan 1993, 604°? (Mycoplasma capricolum Tully, Barile, 
Edward, Theodore and Erng 1974, 116) 


ca.pri.co'lum. L. n. caper, -pri the male goat; N.L. -suff. colus, 
-a, -um (from L. v. incolere to dwell) dwelling; N.L. neut. adj. 
capricolum dwelling in a male goat. 


Cells are coccobacillary and can produce long, helical 
rods known as rho forms. Nonmotile. Colonies on solid 
agar have a characteristic fried-egg appearance. Grows in 
SP-4 or modified Hayflick medium supplemented with glu- 
cose at 37°C. 

Pathogenic; causes fibrinopurulent polyarthritis, mastitis, 
conjunctivitis (a syndrome collectively termed contagious 
agalactia) and septicemia in goats. Transmission occurs via 
direct contact between animals or with fomites. 

Tetracyclines, macrolides, and tylosin are effective che- 
motherapeutic agents. Treatment of acutely infected 
animals often leads to the eradication of the organism, 
whereas treatment of chronically infected animals does not. 
Early intervention with antibiotics and improved sanitation 
are effective control measures (Thiaucourt et al., 1996). 
Antigenic cross-reactivity with Mycoplasma capricolum subsp. 
capripneumoniae and Mycoplasma leachii preclude the exclu- 
sive reliance on serological-based diagnostics. Multiple 
molecular diagnostics have been described (Fitzmaurice 
et al., 2008; Greco et al., 2001). This organism is under cer- 
tain quarantine regulations in some countries and is listed 
in the Terrestrial Animal Health Code of the Office Interna- 
tional des Epizooties (http://oie.int). 

Source: isolated from the synovial fluid, synovial mem- 
branes, udders, expelled milk, conjunctivae, spleen, 
nasopharynx, oral cavity, and ear canal of goats; and the 
nasopharynx of sheep (Cottew, 1979). 

DNA G+C content (mol % ): 94.1 (T _), 23 (strain California 
kid" complete genome). 

Type strain: California kid, ATCC 27343, NCTC 10154, 
CIP 104620. 

Sequence accession nos: U26046 (16S rRNA gene), 
NC_007633 (strain California kid’ complete genome). 


Mycoplasma capricolum subsp. capripneumoniae Leach, 
Erng and MacOwan 1993, 604” 


ca.pri.pneu.mo.ni'ae. L. n. capra, -aea goat; Gr. n. pneumonia 
disease of the lungs, pneumonia; N.L. gen. n. capripneumo- 
niae of a pneumonia of a goat. 


Cells are coccobacillary. Nonmotile. Colonies on solid 
agar have a characteristic fried-egg appearance. Grows in 
SP-4 or modified Hayflick medium supplemented with glu- 
cose at 37°C. 

Pathogenic; causes characteristic, highly lethal fibrin- 
ous pleuropneumonia known as contagious caprine pleu- 
ropneumonia (CCPP) in goats (McMartin et al., 1980). 
A respiratory tract disease of similar pathology found in 
association with Mycoplasma capricolum subsp. capripneumo- 
niae has been reported in sheep, mouflon, and ibex (Arif 
et al., 2007; Shiferaw et al., 2006). Transmission occurs via 
droplet aerosol. 

Tetracyclines and tylosin are effective chemotherapeutic 
agents; however, treatment of endemic herds is not often 
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undertaken. Culling of infected herds and restricting the 
movement of infected animals are more common strate- 
gies for controlling spread of the disease (Thiaucourt etal., 
1996). Live and killed vaccines have been described; how- 
ever, each appear to afford delayed or partial protection 
from morbidity, and few have been completely successful 
at preventing infection (Browning et al., 2005). Antigenic 
cross-reactivity with Mycoplasma capricolum subsp. capri- 
colum and Mycoplasma leachii preclude the exclusive reli- 
ance on serological-based diagnostics. Multiple molecular 
diagnostics have been described (Lorenzon et al., 2008; 
March et al., 2000; Woubit et al., 2004). This organism is 
under certain quarantine regulations in some countries 
and is listed in the Terrestrial Animal Health Code of the 
Office International des Epizooties (http://www.oie.int). 

Source: isolated from the lower respiratory tract of goats, 
sheep, mouflon, and ibex. 

DNA G+C content (mol % ): 24.4 (Bd). 

Type strain: F38, NCTC 10192. 

Sequence accession no. (16S rRNA gene): U26042. 

Further comment: previously known as the F38-type caprine 
mycoplasmas. 


Mycoplasma caviae Hill 1971, 112^ 


ca.vi'ae. N.L. n. cavia guinea pig (Cavia cobaya); N.L. gen. n. 
caviae of a guinea pig. 

Cell morphology for this species has not been described 
and motility has not been assessed. Colonies on solid agar 
have a characteristic fried-egg appearance. Grows in SP-4 
medium supplemented with glucose at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been assessed definitively. 

Source: isolated from the nasopharynx and urogenital 
tract of guinea pigs (Hill, 1971). 

DNA G+C content (mol96): not determined. 

Type strain: G122, ATCC 27108, NCTC 10126. 

Sequence accession no. (16S rRNA gene): AF221111. 


Mycoplasma cavipharyngis Hill 1989, 371V* (Effective publi- 
cation: Hill 1984, 3187) 


ca.vi.pha.ryn'gis. N.L. n. cavia the guinea pig (Cavia cobaya); 
N.L. n. pharynx -yngis (from Gr. n. pharugx pharuggos throat) 
throat; N.L. gen. n. cavipharyngis of the throat of a guinea 
pig. 

Cells are highly filamentous and filaments are twisted at 
intervals along their length. Regular helical forms like those 
of Spiroplasma species are not produced. Nonmotile. Growth 
on solid medium shows small, granular colonies with poorly 
defined centers. Grows in Hayflick medium supplemented 
with glucose at 35°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 

Source: isolated from the nasopharynx of guinea pigs 
(Hill, 1984). 

DNA G+C content (mol % ): 30 (T). 

Type strain: 117C, NCTC 11700, ATCC 43016. 

Sequence accession no. (16S rRNA gene): AF125879. 


Mycoplasma citelli Rose, Tully and Langford 1978, 571^- 


ci.tel'li. N.L. n. Citellus a genus of ground squirrel; N.L. gen. 
n. citelli of Citellus. 
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Cells are highly pleomorphic. Motility for this species 
has not been assessed. Colonies on solid agar have a char- 
acteristic fried-egg appearance. Grows well in SP-4 medium 
supplemented with glucose at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 

Source: isolated from the trachea, lung, spleen, and liver 
of ground squirrels (Rose et al., 1978). 

DNA G+C content (mol% ): 27.4 (Bd). 

Type strain: RG-2C, ATCC 29760, NCTC 10181. 

Sequence accession no. (16S rRNA gene): AF412973. 


Mycoplasma cloacale Bradbury and Forrest 1984, 392? 
clo.a.ca'le. L. neut. adj. cloacale pertaining to a cloaca. 


Cells are primarily spherical. Nonmotile. Colonies on solid 
medium exhibit typical fried-egg appearance. Grows well in 
Hayflick medium supplemented with arginine at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively 

Source: isolated from the cloaca ofa turkey; from the lungs, 
trachea, ovaries, and eggs of ducks; and from chickens, 
pheasants, and geese (Benčina et al., 1987, 1988; Bradbury 
et al., 1987; Goldberg et al., 1995; Hinz et al., 1994). 

DNA G+C content (mol% ): 26 (Bd). 

Type strain: 383, ATCC 35276, NCTC 10199. 

Sequence accession no. (16S rRNA gene): AF125592. 


Mycoplasma collis Hill 1983b, 849%" 


col'lis. L. gen. n. collis of a hill, alluding to the author who 
described the species. 


Cells are primarily coccoidal and are nonmotile. Growth 
on a solid medium shows colonies with a typical fried-egg 
appearance. Grows in Hayflick medium supplemented with 
glucose at 35-37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been assessed. 

Source: isolated from the conjunctivae of captive rats and 
mice (Hill, 1983b). References to isolation of Mycoplasma 
collis from domestic dogs appear to have been in error 
(Chalker and Brownlie, 2004). 

DNA G«C content (mol % ): 28 (T). 

Type strain: 58B, NCTC 10197, ATCC 35278. 

Sequence accession no. (16S rRNA gene): AF538681. 


Mycoplasma columbinasale Jordan, Erng, Cottew, Hinz and 
Stipkovits 1982, 114%” 


co.lum.bi.na.sa'le. L. n. columbus a pigeon; L. n. nasus nose; 
L. neut. suff. -ale suffix used with the sense of pertaining to; 
N.L. neut. adj. nasale pertaining to the nose; N.L. neut. adj. 
columbinasale pertaining to the nose of a pigeon. 


Cells are coccoid to coccobacillary. Motility for this 
species has not been assessed. Colonies on solid medium 
exhibit typical fried-egg appearance. Grows well in SP-4 
medium supplemented with arginine at 35-37°C. Produces 
a “film and spots” reaction. 

No evidence of pathogenicity. Mode of transmission has 
not been assessed definitively. 

Source: isolated from the turbinates of rock pigeons, 
racing pigeons, and fantail pigeons (Benčina et al., 1987; 
Keymer et al., 1984; Nagatomo et al., 1997; Yoder and 
Hofstad, 1964). 
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DNA G+C content (mol % ): 32 (Bd). 

Type strain: 694, ATCC 33549, NCTC 10184. 

Sequence accession no. (16S rRNA gene): AF221112. 

Further comment: previously known as avian serovar (sero- 
type) L (Yoder and Hofstad, 1964). 


Mycoplasma columbinum Shimizu, Erng and Nagatomo 
1978, 545^- 


co.lum.bi'num. L. neut. adj. columbinum pertaining to a 
pigeon. 

Cells are pleomorphic and vary from coccoid to ring 
forms. Motility for this species has not been assessed. Colo- 
nies on solid medium have typical fried-egg morphology. 
Grows in Frey’s medium supplemented with arginine at 
37°C. Produces a “film and spots” reaction. 

No evidence of pathogenicity. Mode of transmission has 
not been assessed definitively. 

Source: isolated from the trachea and oropharynx of feral 
pigeons and from the brain and lungs of racing pigeons 
(Benčina et al., 1987; Jordan et al., 1981; Keymer et al., 
1984; Reece et al., 1986). 

DNA G+C content (mol % ): 27.3 (Bd). 

Type strain: MMP1, ATCC 29257, NCTC 10178. 

Sequence accession no. (16S rRNA gene): AF221113. 


Mycoplasma columborale Shimizu, Erng and Nagatomo 
1978, 545^- 


co.lum.bo.ra'le. L. n. columba pigeon; L. n. os, oris the mouth; 
L. neut. suff. -ale suffix used with the sense of pertaining 
to; N.L. neut. adj. orale of or pertaining to the mouth; N.L. 
neut. adj. columborale of the pigeon mouth. 


Cells are pleomorphic but predominantly coccoid or 
exhibiting ring forms. Motility for this species has not been 
assessed. Growth on solid medium yields medium to large 
colonies with very small central zones. Grows in Frey's 
medium supplemented with glucose at 37°C. 

Pathogenicity for pigeons is unconfirmed, but one report 
described airsacculitis in experimentally inoculated chick- 
ens. Mode of transmission has not been assessed defini- 
tively. 

Source: isolated from the trachea and oropharynx of feral 
pigeons and fantail pigeons; from the oropharynx and 
sinuses of racing pigeons; and from corvids and house flies 
(Benčina et al., 1987; Bradbury et al., 2000; Jordan et al., 
1981; Kempf et al., 2000; Keymer et al., 1984; MacOwan 
et al., 1981; Nagatomo et al., 1997; Reece et al., 1986). 

DNA G«C content (mol % ): 99.2 (Bd). 

Type strain: MMP4, ATCC 29258, NCTC 10179. 

Sequence accession no. (16S rRNA gene): AF412975. 


Mycoplasma conjunctivae Barile, Del Giudice and Tully 
1972, 74 


con junc.ti'va.e. N.L. n. conjunctiva the membrane joining the 
eyeball to the lids; N.L. gen. n. conjunctivae of conjunctiva. 


Cells are coccoid to coccobacillary. Motility for this spe- 
cies has not been assessed. Colonies grown on solid medium 
may have elevated centers and a greenish, brownish, or 
olive color. Grows well in SP-4 medium supplemented with 
glucose at 37°C. 

Pathogenic; causes infectious keratoconjunctivitis that 
can either resolve into a carrier state or result in complete 
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or near-complete blindness in goats, sheep, chamois, and 
ibex (Cottew, 1979; Mayer et al., 1997). Mode of transmis- 
sion is via direct contact. 

Though tetracyclines are an effective antimicrobial ther- 
apy in vivo, treatment to eradicate Mycoplasma conjunctivae 
from herds is not often attempted as the economic burden 
of infection is low. Topical treatment of secondary infec- 
tions is often necessary (Slatter, 2001). Several commercial 
diagnostic assays have been described. 

Source: isolated from the conjunctivae of goats, sheep, 
chamois, and Alpine ibex. 

DNA G+C content (mol % ): not determined. 

Type strain: HRC581, ATCC 25834, NCTC 10147. 

Sequence accession no. (16S rRNA gene): AY816349. 


Mycoplasma corogypsi Panangala, Stringfellow, Dybvig, 
Woodard, Sun, Rose and Gresham 1993, 589V* 


co.ro.gyp'si. Gr. n. korax-acosa raven (black); Gr. n. gyps gypos 
a vulture; N.L. gen. n. corogypsi (sic) of a raven vulture. 


Cells are highly pleomorphic and show small circular 
budding processes abutting elongated cells. Motility for this 
species has not been assessed. Colonies on solid medium 
have a fried-egg appearance. Grows in Frey's medium sup- 
plemented with glucose at 37°C. 

Pathogenicity has not been established, although asso- 
ciated with abscess formation in a black vulture. Myco- 
plasma corogypsi has been isolated from clinically normal 
captive falcons, and may represent a commensal of this 
species. Mode of transmission has not been assessed 
definitively. 

Source: isolated from the abscessed footpad of a black vul- 
ture, and from captive falcons (Lierz et al., 2002; Panangala 
et al., 1993). 

DNA G+C content (mol % ): 28 (Bd). 

Type strain: BV1, ATCC 51148. 

Sequence accession no. (16S rRNA gene): L08054. 


Mycoplasma cottewii DaMassa, Tully, Rose, Pitcher, Leach 
and Cottew 1994, 483V* 


cot.te'wi.i. N.L. masc. gen. n. cottewit of Cottew, named for 
Geoffrey S. Cottew, an Australian veterinarian who was a co- 
isolator of the organism. 


Cells are primarily coccoid. Nonmotile. Formation of 
biofilms has been demonstrated (McAuliffe et al., 2006). 
Growth on solid medium shows colonies with a typical fried- 
egg appearance. Grows well in Hayflick medium supple- 
mented with glucose at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established. 

Source: isolated from the external ear canals and rarely 
the sinuses of goats (Damassa et al., 1994). 

DNA G+C content (mol % ): 27 (T). 

Type strain: VIS, ATCC 51347, NCTC 11732, CIP 105678. 

Sequence accession no. (16S rRNA gene): U67945. 


Mycoplasma cricetuli Hill 1983a, 117°” 

cri.ce.tu'li. N.L. n. Cricetulus generic name of the Chinese 

hamster, Cricetulus griseus, N.L. gen. n. cricetuli of Cricetulus. 
Cells are coccoid to pleomorphic. Nonmotile. Colony 

growth on solid medium has a fried-egg appearance with 


36. 


37. 


38. 


markedly small centers. Grows well in Hayflick broth sup- 
plemented with glucose at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established. 

Source: isolated from the conjunctivae and nasopharynx 
of Chinese hamsters (Hill, 1983a). 

DNA G+C content (mol % ): not determined. 

Type strain: CH, NCTC 10190, ATCC 35279. 

Sequence accession no. (16S rRNA gene): AF412976. 


Mycoplasma crocodyli Kirchhoff, Mohan, Schmidt, Runge, 
Brown, Brown, Foggin, Muvavarirwa, Lehmann and Floss- 
dorf 1997, 746%? 


cro.co.dy'li. N.L. n. Crocodylus (from L. n. crocodilus croco- 
dile) generic name of the crocodile; N.L. gen. n. crocodyli 
of Crocodylus. 


Cells are coccoid. Nonmotile. Colonies on solid medium 
show a typical fried-egg appearance. Grows very rapidly in 
SP-4 medium supplemented with glucose at 30°C. 

Pathogenic; causes exudative polyarthritis and rarely 
pneumonia in crocodiles. The natural mode of transmis- 
sion has not been assessed definitively; however, experimen- 
tal infection resulting in the reproduction of disease was 
achieved by intracoelomic and/or intrapulmonary inocula- 
tion. 

Tetracyclines are effectively used to alleviate clinical signs 
in farmed crocodiles. A bacterin vaccine effective at control- 
ling infection and preventing disease has been described 
(Mohan et al., 2001). 

Source: isolated from the joints and lungs of Nile croco- 
diles (Mohan et al., 1997). 

DNA G+C content (mol % ): 27.6 (Bd). 

Type strain: MP145, ATCC 51981. 

Sequence accession no. (16S rRNA gene): AF412977. 


Mycoplasma cynos Rosendal 1973, 53^ 
cy'nos. Gr. n. cyon, cynos a dog; N.L. gen. n. cynos of a dog. 


Cells are coccoid to coccobacillary. Motility for this spe- 
cies has not been assessed. Colonies on solid medium have 
defined centers and scalloped perimeters. Grows well in 
SP-4 medium supplemented with arginine at 37°C. 

Pathogenic; causes pneumonia, bronchitis, and rarely cys- 
titis in domestic dogs. The mode of transmission is via drop- 
let aerosol, as demonstrated by studies housing infected 
and sentinel dogs (Résendal and Vinther, 1977). 

Source: isolated from the lungs, trachea, nasopharynx, 
urine, prepuce, prostate, cervix, vagina, and conjunctivae 
of domestic dogs (Chalker, 2005). 

DNA G+C content (mol % ): 25.8 (Bd). 

Type strain: H 831, ATCC 27544, NCTC 10142. 

Sequence accession no. (16S rRNA gene): AF538682. 


Mycoplasma dispar Gourlay and Leach 1970, 1214" 
dis'par. L. neut. adj. dispar dissimilar, different. 


Cells range from coccoid to short and filamentous. Motil- 
ity for this species has not been assessed. An extracellular 
capsule can be visualized by electron microscopy following 
staining with ruthenium red. Colonies on solid medium 
have a granular, lacy, or reticulated appearance with no or 
a poorly defined central area. Grows in SP-4 medium or 
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modified Friis medium supplemented with glucose and calf 
thymus DNA at 37°C. 

Pathogenic; causes pneumonia and rarely mastitis in cat- 
tle. Mode of transmission is by droplet aerosol. 

Source: isolated from the lower respiratory tract and 
udders of cattle (Gourlay and Howard, 1979; Hodges et al., 
1983). 

DNA G«C content (mol % ): 28.5-29.3 (T). 

Type strain: 462/2, ATCC 27140, NCTC 10125. 

Sequence accession no. (16S rRNA gene): AF412979. 


Mycoplasma edwardii Tully, Barile, Del Giudice, Carski, 
Armstrong and Razin 1970, 349^ 


ed.war'di.i. N.L. masc. gen. n. edwardii of Edward, named 
after Derrick Graham ff. Edward (1910-1978), who first iso- 
lated this organism. 


Cells are coccobacillary to short and filamentous. Motil- 
ity for this species has not been assessed. Colonies on solid 
medium show a typical fried-egg appearance. Grows well in 
SP-4 medium supplemented with glucose at 37°C. 

Opportunistic pathogen; commonly found as a commen- 
sal of the oral and/or nasal cavities and urogenital tract of 
domestic dogs. Mycoplasma edwardii is rarely associated with 
pneumonia, arthritis, and septicemia of domestic dogs, often 
as a secondary pathogen compounding an existing lesion. 
Mode of transmission has not been established definitively. 

Source: isolated from the oropharynx, nasopharynx, 
trachea, lungs, prepuce, vagina, cervix, blood, and syn- 
ovial fluid of domestic dogs (Chalker, 2005; Stenske et al., 
2005). 

DNA G+C content (mol % ): 29.2 (T. ). 

Type strain: PG-24, ATCC 23462, NCTC 10132. 

Sequence accession no. (16S rRNA gene): U73903. 


Mycoplasma elephantis Kirchhoff, Schmidt, Lehmann, 
Clark and Hill 1996, 440%" 


e.le.phan'tis. L. n. elephas, -antis elephant; L. gen. n. elephan- 
lis of the elephant. 


Cells are coccoidal. Nonmotile. Colonies on solid 
medium show a typical fried-egg appearance. Grows well in 
Hayflick medium supplemented with glucose at 37°C. 

Probable commensal. No pathology was observed at the 
site of isolation (i.e., the vagina and urethra); however, 
isolation was achieved almost exclusively from arthritic 
animals with evidence of rheumatoid factor. The possibil- 
ity thus exists that the clinical status of the animals was 
due to sexually acquired reactive arthritis, which has been 
observed with other Mycoplasma species known to parasitize 
the urogenital tract (Blanchard and Bébéar, 2002). Mode of 
transmission has not been established definitively. 

Source: isolated from the vagina and urethra of captive 
elephants (Clark et al., 1980, 1978). 

DNA G+C content (mol % ): 24 (Bd). 

Type strain: E42, ATCC 51980. 

Sequence accession no. (16S rRNA gene): AF221121. 


Mycoplasma equigenitalium Kirchhoff 1978, 500^ 
e.qui.ge.ni.ta'li.um. L. n. equus, equi the horse; L. pl. n. geni- 
talia the genitals; N.L. pl. gen. n. equigenitalium of equine 
genitalia. 
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Cells are pleomorphic. Motility for this species has not 
been assessed. Colonies on solid medium show a typical 
fried-egg appearance. Grows in Hayflick medium supple- 
mented with glucose at 37°C. 

Opportunistic pathogen. Associated with endometri- 
tis, vulvitis, balanoposthitis, impaired fecundity, and abor- 
tion in horses; however, Mycoplasma equigenitalium is highly 
prevalent in clinically normal horses (Spergser et al., 2002). 
Mode of transmission is via sexual contact. 

Source: isolated from the cervix, semen, and aborted foals, 
and rarely from the trachea, of horses (Lemcke, 1979). 

DNA G+C content (mol % ): 31.5 (Bd). 

Type strain: T37, ATCC 29869, NCTC 10176. 

Sequence accession no. (16S rRNA gene): AF221120. 


Mycoplasma equirhinis Allam and Lemcke 1975, 405^ 


e.qui.rhi'nis. L. n. equus, equia horse; Gr. n. rhis, rhinos nose; 
N.L. gen. n. equirhinis of the nose of a horse. 


Cells are coccoid to coccobacillary. Motility for this spe- 
cies has not been assessed. Colonies on solid medium show 
a typical fried-egg appearance. Grows in SP-4 or Hayflick 
medium supplemented with arginine at 37°C. 

Opportunistic pathogen; associated with rhinitis and 
pneumonitis in horses, but can also be found in clinically 
normal animals. Mode of transmission is via droplet aero- 
sol. 

Source: isolated from the nasopharynx, nasal turbinates, 
trachea, tonsils, and semen of horses, and from the 
nasopharynx of cattle (Lemcke, 1979; Spergser et al., 2002; 
ter Laak et al., 19922). 

DNA G+C content (mol96): not determined. 

Type strain: M432/72, ATCC 29420, NCTC 10148. 

Sequence accession no. (16S rRNA gene): AF125585. 


Mycoplasma falconis Poveda, Giebel, Flossdorf, Meier and 
Kirchhoff 1994, 97Y* 


fal.co'nis. L. gen. n. falconis of the falcon, the host from 
which the organism was first isolated. 


Cells are coccoid. Motility for this species has not been 
assessed. Colonies on solid medium have a fried-egg appear- 
ance. Grows well in modified Frey's medium supplemented 
with arginine at 37°C. 

Pathogenicity has not been established. Associated with 
respiratory tract infections of saker falcons, although can 
also be isolated from clinically normal birds. Mode of trans- 
mission has not been established definitively. 

Source: isolated from the trachea of falcons (Lierz et al., 
2002, 2008a, b). 

DNA G+C content (mol96): 27.5 (Bd). 

Type strain: H/T1, ATCC 51372. 

Sequence accession no. (16S rRNA gene): AF125591. 


Mycoplasma fastidiosum Lemcke and Poland 1980, 161% 


fas.ti.di.o'sum. L. neut. adj. fastidiosum fastidious, referring 
to the nutritionally fastidious nature of the organism on pri- 
mary isolation. 

Cells are highly filamentous and filaments are twisted at 
regular intervals along their length. Helical forms like those 
of Spiroplasma species are not produced. Nonmotile. Colo- 
nies on solid medium show a typical fried-egg appearance. 
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Grows in SP-4 or Frey's medium supplemented with glucose 
at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been assessed definitively. 

Source: isolated from the nasopharynx of horses (Lemcke 
and Poland, 1980). 

DNA G+C content (mol % ): 32.3 (Bd). 

Type strain: 4822, NCTC 10180, ATCC 33229. 

Sequence accession no. (16S rRNA gene): AF125878. 


Mycoplasma faucium Freundt, Taylor-Robinson, Purcell, 
Chanock and Black 1974, 2534" 


fau'ci.um. L. pl. n. fauces, -jum the throat; L. gen. pl. n. fau- 
cium of the throat. 


Cells are coccoidal. Motility for this species has not been 
assessed. Colonies on solid medium show a typical fried- 
egg appearance, but are more loosely attached to the agar 
surface than are the colonies of most other mycoplasmas. 
Grows well in SP-4 medium supplemented with arginine at 
37°C. Produces a “film and spots" reaction. 

Probable commensal. Most commonly found as a com- 
mensal of the human oropharynx; however, recent isola- 
tions of Mycoplasma faucium have been made from brain 
abscesses (Al Masalma et al., 2009). Mode of transmission 
has not been established definitively. 

Source: isolated from the oropharynx and brain of 
humans, and from the oral cavity of numerous species of 
nonhuman primates (Freundt et al., 1974; Somerson and 
Cole, 1979). 

DNA G+C content (mol96): not determined. 

Type strain: DC-333, ATCC 25293, NCTC 10174. 

Sequence accession no. (16S rRNA gene): AF125590. 


Mycoplasma felifaucium Hill 1988, 449°? (Effective publica- 
tion: Hill 1986, 1927) 


fe.li.fau'ci.um. L. n. felis cat; L. pl. n. fauces, -ium throat; N.L. 
gen. pl. n. felifaucium of the feline throat. 


Cells are primarily coccoidal. Nonmotile. Colonies on 
solid medium show a typical fried-egg appearance. Grows 
well in SP-4 or Hayflick medium supplemented with argin- 
ine at 37°C. Produces a “film and spots" reaction. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 

Source: isolated from the oropharynx of captive pumas 
(Felis concolor, Hill, 1986). 

DNA G+C content (mol96): 31 (T). 

Type strain: PU, NCTC 11703, ATCC 43428. 

Sequence accession no. (16S rRNA gene): U15795. 


Mycoplasma feliminutum Heyward, Sabry and Dowdle 
1969, 621^- 


fe.li.mi.nu'tum. L. n. felis a cat; L. neut. part. adj. minutum 
small; N.L. neut. adj. feliminutum a small colony organism 
isolated from cats. 


Morphology is poorly defined. Motility for this species has 
not been assessed. Colonies are relatively small and irregu- 
lar in shape. Grows well in SP-4 medium supplemented with 
glucose at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 
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Source: isolated from the oropharynx of domestic cats; 
from the nasopharynx, lungs, and urogenital tract of domes- 
tic dogs; and from the respiratory tract of horses (Chalker, 
2005; Heyward et al., 1969; Lemcke, 1979). 

DNA G+C content (mol 96): 29.1 (Bd). 

Type strain: Ben, ATCC 25749, NCTC 10159. 

Sequence accession no. (16S rRNA gene): U16758. 

Further comment: this organism was first described during 
a time when the only named genus of mollicutes was Myco- 
plasma. Its publication coincided with the first proposal of 
the genus Acholeplasma (Edward and Freundt, 1969, 1970), 
with which Mycoplasma feliminutum is properly affiliated 
through established phenotypic (Heyward et al, 1969) 
and 16S rRNA gene sequence (Brown et al., 1995) simi- 
larities. This explains the apparent inconsistencies with its 
assignment to the genus Mycoplasma. The name Mycoplasma 
feliminutum should therefore be revised to Acholeplasma 
feliminutum comb. nov. 


. Mycoplasma felis Cole, Golightly and Ward 1967, 1456*" 
fe'lis. L. n. felisa cat, L. gen. n. felis of a cat. 


Cells are coccobacillary to filamentous. Motility for this 
species has not been assessed. Colonies on solid media dis- 
play the typical fried-egg morphology. Grows well in SP-4 
medium supplemented with glucose at 37°C. 


Pathogenic; associated with conjunctivitis, rhinitis, ulcer- 
ative keratitis, and polyarthritis in domestic cats, and upper 
and lower respiratory tract infection in horses. Mycoplasma 
felis can also be isolated from clinically normal domestic 
cats, domestic dogs, and horses. The mode of transmission 
has not been established definitively. 

Source: isolated from the conjunctivae, nasopharynx, 
lungs, and urogenital tract of domestic cats; from the lungs, 
tonsils, trachea nasopharynx of horses; from the orophar- 
ynx and trachea of domestic dogs; and from the synovial 
fluid of an immunocompromised human (Lemcke, 1979) 
Rgsendal, 1979; (Bonilla et al., 1997; Gray et al., 2005; 
Hooper et al., 1985). 

DNA G+C content (mol % ): 25.2 (T, ). 

Type strain: CO, ATCC 23391, NCTC 10160. 

Sequence accession no. (16S rRNA gene): U09787. 

Further comment: the proposed species “Mycoplasma 
equipharyngis” (Kirchoff, 1974) has been reported in horses. 
Further characterization has demonstrated unequivocally 
that these isolates are Mycoplasma felis and all mention of 
“Mycoplasma equipharyngis” should be considered equivalent 
to Mycoplasma felis (Lemcke, 1979). 


Mycoplasma fermentans Edward 1955, 90^ 
fer.men'tans. L. part. adj. fermentans fermenting. 


Cells are filamentous. Motility has not been established 
for this species. Colonies on solid media display typical fried- 
egg morphology. Grows well in SP-4 or Hayflick medium 
supplemented with either arginine or glucose at 37°C. 

Pathogenicity unclear; associated with balanitis, vulvovag- 
initis, salpingitis, respiratory distress syndrome, pneumo- 
nia, and development of rheumatoid arthritis. Mycoplasma 
Jermentans has also been tenuously linked with the progres- 
sion of AIDS, chronic fatigue syndrome, Gulf War syn- 
drome, Adamantiades-Behcet's disease, and fibromyalgia. 
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The connection of the preceding clinical syndromes with 
Mycoplasma fermentans is highly equivocal, as different stud- 
ies have reached markedly different conclusions. Mode of 
transmission has not been established definitively. 

Source: isolated from the urine, urethra, rectum, penis, 
cervix, vagina, fallopian tube, amniotic fluid, blood, synovial 
fluid, and throat of humans; from the cervix of an African 
green monkey (Chlorocebus sp.); and from the vagina of a 
sheep (Blanchard et al., 1993; Nicholas et al., 1998; Taylor- 
Robinson and Furr, 1997; Waites and Talkington, 2005). 

DNA G+C content (mol % ): 28.7 (T) 

Type strain: PG18, ATCC 19989, NCTC 10117, NBRC 
14854. 

Sequence accession no. (16S rRNA gene): M24289. 


Mycoplasma flocculare Meyling and Friis 1972, 289^- 


floc.cu.la're. L. dim. n. flocculus a small flock or tuft of wool; 
L. neut. suff. -are suffix denoting pertaining to; N.L. neut. 
adj. flocculare resembling a small floc of wool, referring to 
the tendency of the organism to form clumps of flocculent 
material in broth culture. 


Cells are coccoid to coccobacillary. Motility for this species 
has not been assessed. Colonies on solid media are slightly 
convex with a coarsely granular surface and lack a defined 
center. Aggregates of cells may be produced during growth 
in broth, appearing as small floccular elements upon gentle 
shaking of the culture. Grows slowly in Friis medium at 37°C. 

Opportunistic pathogen; normally regarded as a com- 
mensal of the nasopharynx that can cause pneumonia in 
association with other pathogens, most notably Mycoplasma 
hyopneumoniae. Mode of transmission is via droplet aerosol. 
Mycoplasma flocculare reportedly shares surface antigens 
with Mycoplasma hyopneumoniae, potentially complicating 
serology-based diagnosis of infection (Whittlestone, 1979). 

Source: isolated from the nasopharynx, lungs, pericar- 
dium, and conjunctivae of pigs. 

DNA G+C content (mol % ): 33 (Bd). 

Type strain: Ms42, ATCC 27399, NCTC 10143. 

Sequence accession no. (16S rRNA gene): L22210. 


Mycoplasma gallinaceum Jordan, Erng, Cottew, Hinz and 
Stipkovits 1982, 114%” 


gal.li.na'ce.um. L. neut. adj. gallinaceum pertaining to a 
domestic fowl. 


Cells are coccoid to coccobacillary. Motility for this spe- 
cies has not been assessed. Colonies on solid medium have 
typical fried-egg morphology although some are devoid of 
a central core. Grows well in Frey's medium supplemented 
with glucose at 37°C. 

Opportunistic pathogen associated with tracheitis, air- 
sacculitis, or conjunctivitis in chickens, turkeys, ducks, and 
pheasants. Mycoplasma gallinaceum has been reported to 
complicate cases of infectious synovitis due to Mycoplasma 
synoviae in chickens. The mode of transmission has not 
been assessed definitively. 

Source: isolated from upper and lower respiratory tract of 
chickens, turkeys, pheasants, partridges, and ducks; from 
the conjunctivae of pheasants; and from the synovial fluid 
of chickens (Bradbury et al., 2001; Tiong, 1990; Welchman 
et al., 2002; Yagihashi et al., 1983). 
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DNA G+C content (mol% ): 28 (Bd). 

Type strain: DD, ATCC 33550, NCTC 10183. 

Sequence accession no. (16S rRNA gene): L24104. 

Further comment: previously known as avian serotype D 
(Kleckner, 1960). 


Mycoplasma gallinarum Freundt 1955, 73^- 


gal.li.na'rum. L. n. gallina a hen; L. gen. pl. n. gallinarum 
of hens. 


Cells are coccoid to coccobacillary. Nonmotile. Colo- 
nies on solid medium have a typical fried-egg appearance. 
Grows well in Frey's medium supplemented with arginine 
at 37°C. The organism shares some antigens in immunodif- 
fusion tests with Mycoplasma iners, Mycoplasma columbinasale, 
and Mycoplasma meleagvidis. 

Commensal of gallinaceous birds; little evidence exists 
for the pathogenicity of isolates in such hosts. Mycoplasma 
gallinarum may have a role in airsacculitis of geese and par- 
ticipate in complex infection of chickens. Mode of transmis- 
sion has not been assessed definitively. 

Source: isolated from the respiratory tract of chickens, tur- 
keys, ducks, geese, red jungle fowl, bamboo partridge, spar- 
row, swan, and demoisella crane; and from sheep (Kisary 
et al., 1976; Kleven et al., 1978; Shimizu et al., 1979; Singh 
and Uppal, 1987). 

DNA G+C content (mol96): 26.5-28.0 (T. , Bd). 

Type strain: PG16, ATCC 19708, NCTC 10120. 

Sequence accession no. (16S rRNA gene): L24105. 

Further comment: previously known as avian serotype B 
(Kleckner, 1960). 


Mycoplasma gallisepticum Edward and Kanarek 1960, 
699^. 


gal.li.sep'ti.cum. L. n. gallus rooster, chicken; L. adj. septi- 
cus -a-um producing a putrefaction, putrefying, septic; N.L. 
neut. adj. gallisepticum hen-putrefying (infecting). 

Cells are coccoid, ovoid, and elongated pear-shaped with 
a highly structured polar body, called the bleb. Cells are 
motile and glide in the direction of the terminal bleb. Glid- 
ing speed varies among strains. Colonies on solid medium 
may be small and not necessarily of typical fried-egg appear- 
ance. Grows well in SP-4 or Hayflick medium supplemented 
with glucose at 37°C (Balish and Krause, 2006; Hatchel 
et al., 2006; Nakane and Miyata, 2009). 

Pathogenic. Causes a characteristic combination of 
pneumonia, tracheitis, and airsacculitis (collectively 
termed chronic respiratory disease); salpingitis and atro- 
phy of the ovaries, isthmus, and cloaca resulting in poor 
egg quality and reduced hatchability; arthritis or synovitis; 
and keratoconjunctivitis in chickens; infectious sinusitis, 
coryza, airsacculitis, arthritis or synovitis, encephalitis, 
meningitis, ataxia, and torticollis in turkeys; conjunctivi- 
tis and coryza featuring a high mortality rate in finches 
and grosbeaks; and respiratory disease in additional game 
birds including quail, partridges, pheasants, and pea- 
fowl. Lesions established by Mycoplasma gallisepticum are 
often complicated by additional avian pathogens includ- 
ing Mycoplasma synoviae, avian strains of Escherichia coli, 
Newcastle disease virus, and infectious bronchitis virus. 
Established mechanisms of transmission include droplet 
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aerosols, direct contact with infected animals or fomites, 
and vertical transmission. 

Tetracyclines, macrolides, aminoglycosides, fluoroqui- 
nolones, and pleuromutilins are effective chemotherapeu- 
tic agents; however, treatment is typically only sought for 
individual birds, as medicating a commercial flock is not 
considered an effective control strategy. Vaccination and 
management strategies (i.e., single age “all in/all out” sys- 
tems and culling of endemic flocks) are more commonly 
utilized. Multiple live and killed vaccines are commercially 
available, but suffer from residual pathogenicity, the need 
to develop a carrier state to provide protective immunity, 
adverse reactions, or low efficacy. Experimental vaccines 
have also been described. Mycoplasma gallisepticum shares 
surface antigens with Mycoplasma imitans and Mycoplasma 
synoviae, potentially complicating serology-based diagnosis 
of infection. Numerous molecular diagnostics have been 
described. This organism is listed in the Terrestrial Animal 
Health Code of the Office International des Epizooties 
(http://oie.int; Yogev et al., 1989; Kempf, 1998; Markham 
etal., 1999; Gautier-Bouchardon et al., 2002; Ferguson etal., 
2004; Browning et al., 2005; Crespo and McMillan, 2008; 
Gates et al., 2008; Gerchman et al., 2008; Kleven, 2008). 

Source: isolated from the trachea, lungs, air sacs, ovaries, 
oviducts, brain, arterial walls, synovial membranes, synovial 
fluid, conjunctivae, and eggs of chickens; from the infraor- 
bital sinuses, air sacs, brain, meninges, conjunctivae, syn- 
ovial membranes, and synovial fluid of turkeys; from the 
conjunctivae, infraorbital sinuses, and trachea of finches; 
and from the respiratory tract of quail, partridges, pheas- 
ants, peafowl, ducks, grosbeak, crows, robins, and blue jays 
(Benčina et al., 2008, 1988; Bradbury and Morrow, 2008; 
Bradbury et al., 2001; Dhondt et al., 2005, 2007; Levisohn 
and Kleven, 2000; Ley et al., 1996; Mikaelian et al., 2001; 
Murakami et al., 2002; Nolan et al., 2004; Nunoya et al., 
1995; Welchman et al., 2002; Wellehan et al., 2001). 

DNA G+C content (mol96): 31.8 (T), 31 (strain R com- 
plete genome sequence). 

Type strain: PG31, X95, ATCC 19610, NCTC 10115. 

Sequence accession nos: M22441 (16S rRNA gene of 
strain A5969), NC 004829 (strain R complete genome 
sequence). 

Further comment: previously known as avian serotype A 
(Kleckner, 1960). 


Mycoplasma gallopavonis Jordan, Erng, Cottew, Hinz and 
Stipkovits 1982, 114%” 


gal.lo.pa.vo'nis. N.L. n. gallopavo, -onis a turkey (Meleagris 
gallopavo); N.L. gen. n. gallopavonis of a turkey. 


Cells are coccoid to coccobacillary. Motility has not been 
assessed for this species. Colonies on solid medium have 
typical fried-egg morphology. Grows well in Frey’s medium 
supplemented with glucose at 37°C. 

Opportunistic pathogen; occasionally associated with 
airsacculitis in turkeys, but is also isolated from clinically 
normal turkeys. Mode of transmission has not been assessed 
definitively. 

Source: isolated from the choanae, trachea, and air sacs of 
domestic and wild turkeys (Benčina et al., 1987; Cobb et al., 
1992; Hoffman et al., 1997; Luttrell et al., 1992). 
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DNA G+C content (mol% ): 27 (Bd). 

Type strain: WR1, ATCC 33551, NCTC 10186. 

Sequence accession no. (16S rRNA gene): AF412980. 

Further comment: previously known as avian serotype F 
(Kleckner, 1960). 


Mycoplasma gateae Cole, Golightly and Ward 1967, 1456^- 


ga.te'ae. N.L. gen. n. gateae (probably from Spanish gato, a 
cat) of a cat. 


Morphology is poorly defined. Motility for this species 
has not been assessed. Colonies on solid medium are vacu- 
olated and lack a well-defined central spot. Grows well in 
SP-4 medium at 37°C. 

Opportunistic pathogen; can cause polyarthritis in 
domestic cats (Moise et al., 1983), but appears to be pri- 
marily a commensal species of the oral cavity. Mycoplasma 
galeae also appears to be a commensal species of domestic 
dogs and cattle. Mode of transmission has not been assessed 
definitively. 

Source: isolated from the synovial membrane, orophar- 
ynx, saliva, and urogenital tract of domestic cats; from the 
lungs, oropharynx, trachea, and urogenital tract of domes- 
tic dogs; and from the urogenital tract of cattle (Chalker, 
2005; Gourlay and Howard, 1979; Resendal, 1979). 

DNA G+C content (mol96): 28.5 (T). 

Type strain: CS, ATCC 23392, NCTC 10161. 

Sequence accession no. (16S rRNA gene): U15796. 

Further comment: the original specific epithet “gateae’, 
which has been perpetuated in lists of bacterial names 
approved by the International Committee on Systematics of 
Prokaryotes, the American Type Culture Collection’s Cata- 
log of Bacteria and Bacteriophages, and in GenBank, is illegiti- 
mate because the genitive of the medieval Latin word gata 
(female cat) would have been gatae and there is no word for 
which gateae would have been a legitimate genitive (Brown 
et al., 1995). 


Mycoplasma genitalium Tully, Taylor-Robinson, Rose, Cole 
and Bové 1983, 395%? 


ge.ni.ta'li.um. L. pl. n. genitalia, -ium the genitals; L. gen. pl. 
n. genitalium of the genitals. 


Cells are predominantly flask-shaped with a terminal 
organelle protruding from the cell pole that is narrower 
than that of Mycoplasma gallisepticum and shorter than that 
of Mycoplasma pneumoniae. The leading end of the terminal 
structure is often curved. Cells exhibit gliding motility in 
circular patterns and glide in the direction of the terminal 
organelle's curvature (Hatchel and Balish, 2008). Colonies 
on solid media are round and possess a defined center that 
is somewhat less distinct than most mycoplasma species. 
Grows well in SP-4 medium supplemented with glucose at 
37°C. 

Pathogenic; causes urethritis, cervicitis, endometritis, 
and pelvic inflammatory disease. Mycoplasma genitalium is 
associated with infertility in humans. Mode of transmis- 
sion is via sexual contact, congenitally, and possibly, in rare 
instances, via droplet aerosol. 

Macrolides and fluoroquinolones are effective chemo- 
therapeutic agents; however, reports indicate that treat- 
ment should be extensive, as clinical signs and detection 
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of Mycoplasma genitalium tend to recur following cessation. 
This is potentially due to sequestration within host cells. 
Mycoplasma genitalium shares numerous surface antigens 
with Mycoplasma pneumoniae, complicating serology-based 
diagnosis of infection. Numerous molecular diagnostics 
have been described, but few have been developed com- 
mercially (Jensen, 2004; Waites and Talkington, 2005). 

Source: isolated or detected in the urogenital tract, urine, 
rectum, synovial fluid, conjunctiva, and nasopharynx of 
humans (Baseman et al., 1988; de Barbeyrac et al., 1993; 
Jensen, 2004; Waites and Talkington, 2005). 

DNA G+C content (mol % ): 32.4 (Bd), 31 (strain G-37' com- 
plete genome sequence). 

Type strain: G-37, ATCC 33530, CIP 103767, NCTC 
10195. 

Sequence accession mos: X77334 (16S rRNA gene), 
NC 000908 (strain G-37' complete genome sequence), 
CP000925 (strain JCVI-1.0 complete genome sequence). 


Mycoplasma glycophilum Forrest and Bradbury 1984, 355°? 
(Effective publication: Forrest and Bradbury 1984, 602) 


gly.co.phi'lum. Gr. adj. glykys sweet (this adjective was used 
to coin the noun glucose); N.L. neut. adj. philum (from Gr. 
neut. adj. philon) friend, loving; N.L. neut. adj. glycophilum 
sweet-loving, intended to mean glucose-loving. 

Cells are spherical or elliptical with an extracellular 
layer. Nonmotile. Growth on solid medium shows colonies 
with typical fried-egg appearance. Grows well in Hayflick 
medium supplemented with glucose at 37°C. 

Pathogenicity has not been established, although there 
may be an association with a slight decrease in hatchability. 
Mode of transmission has not been assessed definitively. 

Source: isolated from the respiratory tract and cloaca of 
chickens; and from the respiratory tract of turkeys, pheas- 
ants, partridges, ducks, and geese (Forrest and Bradbury, 
1984). 

DNA G+C content (mol % ): 27.5 (Bd). 

Type strain: 486, ATCC 35277, NCTC 10194. 

Sequence accession no. (16S rRNA gene): AF412981. 


Mycoplasma gypis Poveda, Giebel, Flossdorf, Meier and 
Kirchhoff 1994, 98°? 


gy pis. Gr. n. gyps, gypos vulture; N.L. gen. n. gypis of the vul- 
ture, the host from which the organism was first isolated. 


Cells are coccoid or round. Motility for this species has 
not been assessed. Colonies on solid medium have a fried- 
egg appearance. Grows in Frey's medium supplemented 
with arginine at 37°C. Produces a “film and spots” reac- 
tion. 

Pathogenicity has not been established. Associated with 
respiratory tract disease of griffon vultures, but has also 
been isolated from healthy birds of prey. Mode of transmis- 
sion has not been assessed definitively. 

Source: isolated from the trachea of griffon vultures (Grif- 
fon fulvus), and from the trachea and air sacs of Eurasian 
buzzards, red kites, and Western marsh harriers (Lierz 
et al., 2008a, 2000; Poveda et al., 1994). 

DNA G+C content (mol 96): 27.1 (Bd). 

Type strain: B1/T1, ATCC 51370. 

Sequence accession no. (16S rRNA gene): AF125589. 
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Mycoplasma haemocanis (Kikuth 1928) Messick, Walker, 
Raphael, Berent and Shi 2002, 697°” [Bartonella canis Kikuth 
1928, 1730; Haemobartonella (Bartonella) canis (Kikuth 1928) 
Tyzzer and Weinman 1939, 151; Kreier and Ristic 1984, 726] 


ha.e.mo.ca'nis Gr. neut. n. haema blood; L. fem. gen. n. canis 
of the dog; N.L. gen. n. haemocanis of dog blood. 


Cells are coccoid to pleomorphic. Motility for this species 
has not been assessed. The morphology of infected erythro- 
cytes is altered, demonstrating a marked depression at the 
site of Mycoplasma haemocanis attachment. This species has 
not been grown on any artificial medium; therefore, nota- 
ble biochemical parameters are not known. 

Pathogenic; causes hemolytic anemia in domestic dogs. 
Transmission is vector-borne and mediated by the brown 
dog tick (Rhipicephalus sanguineus). 

Source: observed in association with erythrocytes of 
domestic dogs (Hoskins, 1991). 

DNA G+C content (mol96): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AF197337. 


Mycoplasma haemofelis (Clark 1942) Neimark, Johansson, 
Rikihisa and Tully 2002b, 683 P [Eperythrozoon felis Clark 
1942, 16; Haemobartonella felis (Clark 1942) Flint and 
McKelvie 1956, 240 and Kreier and Ristic 1984, 725] 


ha.e.mo.fe'lis. Gr. neut. n. haema blood; L. fem. gen. n. felis 
of the cat; N.L. gen. n. haemofelis of cat blood. 


Cells are coccoid. Motility for this species has not been 
assessed. This species has not been grown on artificial 
medium; therefore, notable biochemical parameters are 
not known. 

Pathogenic; causes hemolytic anemia in cats. The mode 
of transmission is percutaneous or oral; an insect vector has 
not been identified, although fleas have been implicated 
(Woods et al., 2005). 

Tetracyclines and fluoroquinolones are effective thera- 
peutic agents (Dowers et al., 2002; Tasker et al., 2006). 

Source: observed in association with erythrocytes of 
domestic cats. 

DNA G+C content (mol 96): 38.5-38.8 (genome sequence 
survey of strain OH; Berent and Messick, 2003; J.B. Messick 
et al., unpublished). 

Type strain: not established 

Sequence accession no. (16S rRNA gene): U88563. 


Mycoplasma haemomuris (Mayer 1921) Neimark, Johans- 
son, Rikihisa and Tully 2002b, 683°" (Bartonella muris Mayer 
1921, 151; Bartonella muris ratti Regendanz and Kikuth 1928, 
1578; Haemobartonella muris Tyzzer and Weinman 1939, 
143) 


ha.e.mo.mu'ris. Gr. neut. n. haema blood; L. masc. gen. n. 
muris of the mouse; N.L. gen. n. haemomuris of mouse blood. 


Cells are coccoid and some display dense inclusion par- 
ticles. Motility for this species has not been assessed. The 
morphology of infected erythrocytes is altered, demonstrat- 
ing a marked depression at the site of Mycoplasma haemo- 
muris attachment. This species has not been grown on any 
artificial medium; therefore, notable biochemical para- 
meters are not known. 
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Opportunistic pathogen; causes anemia in splenectomized 
or otherwise immunosuppressed mice. Transmission is vector- 
borne and mediated by the rat louse (Polypax spinulosa). 

Source: observed in association with erythrocytes of wild 
and captive mice, and hamsters. 

DNA G+C content (mol96): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): U82965. 


Mycoplasma hominis (Freundt 1953) Edward 1955, 90^ 
(Micromyces hominis Freundt 1953, 471) 


ho'mi.nis. L. n. homo, -inis man; L. gen. n. hominis of man. 


Cells are coccoid to filamentous. Motility for this spe- 
cies has not been assessed. Colonies on solid media have 
a typical fried-egg appearance. Grows well in SP-4 medium 
supplemented with arginine at 37°C. 

Pathogenic; causes pyelonephritis, pelvic inflamma- 
tory disease, chorioamnionitis, and postpartum fevers in 
women; congenital pneumonia, meningitis, and abscesses 
in newborns; and rarely extragenital pathologies including 
bacteremia, arthritis, osteomyelitis, abscesses and wound 
infections, mediastinitis, pneumonia, peritonitis, pros- 
thetic- and catheterassociated infections, and infection 
of hematomas. Extragenital manifestations of Mycoplasma 
hominis infection are more commonly seen in immunosup- 
pressed individuals, but can be seen in immunocompetent 
patients as well. Synergism between Mycoplasma hominis and 
Trichomonas vaginalis infections has been reported and a 
recent report documents the intraprotozooal location and 
transmission of Mycoplasma hominis with Trichomonas vagi- 
nalis (Dessi et al., 2006; Germain et al., 1994; Vancini and 
Benchimol, 2008). Mode of transmission is via sexual con- 
tact, congenitally, or by artificial introduction on foreign 
objects (e.g., catheters) or transplanted tissues. 

Macrolides and fluoroquinolones are effective chemo- 
therapeutic agents. Combination therapy with metronida- 
zole is required for complex infections involving Trichomonas 
vaginalis. Many commercial diagnostics are available for 
routine clinical use. 

Source: isolated from the urogenital tract, amniotic fluid, 
placenta, umbilical cord blood, urine, semen, bloodstream, 
cerebrospinal fluid, synovial fluid, bronchoalveolar lavage 
fluid, peritoneal aspirates, conjunctivae, bone abscesses, 
and hematoma aspirates of humans; and from several 
species of nonhuman primates (Somerson and Cole, 
1979; Taylor-Robinson and McCormack, 1979; Waites and 
Talkington, 2005). 

DNA G+C content (mol96): 33.7 (T) 

Type strain: PG21, ATCC 23114, NCTC 10111, CIP 103715, 
NBRC 14850. 

Sequence accession no. (16S rRNA gene): M24473. 


Mycoplasma hyopharyngis Erickson, Ross, Rose, Tully and 
Bové 1986, 58” 


hy.o.pha.ryn'gis. Gr. n. hys, hyos a swine; N.L. n. pharynx 
-yngis (from Gr. n. pharugx, pharuggos throat) throat; N.L. 
gen. n. hyopharyngis of a hog’s throat. 

Cells are pleomorphic. Motility for this species has not 
been assessed. Colonies on solid medium have a typical 
fried-egg appearance. Grows in medium D-TS or Hayflick 
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medium supplemented with arginine at 37°C and produces 
a “film and spots” reaction. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 

Source: isolated from the nasopharynx of pigs (Erickson 
et al., 1986). 

DNA G+C content (mol96): 24 (Bd, T). 


Type strain: H3-6B F, ATCC 51909, NCTC 11705. 
Sequence accession no. (16S rRNA gene): U58997. 


Mycoplasma hyopneumoniae (Goodwin, Pomeroy and 
Whittlestone 1965) Maré and Switzer 1965, 841^- (Myco- 
plasma suipneumoniae Goodwin, Pomeroy and Whittlestone 
1965, 1249) 


hy.o.pneu.mo"ni.ae. Gr. n. hys, hyos a swine; Gr. n. pneumonia 
pneumonia; N.L. gen. n. hyopneumoniae of swine pneumonia. 


Cells are coccoid to coccobacillary. Nonmotile. Colo- 
nies on solid medium are very small, lack a defined cen- 
tral region, and are usually convex with a granular surface. 
Grows very slowly in modified Friis medium, medium A26, 
and modified SP-4 medium supplemented with glucose at 
37°C. Produces a “film and spots" reaction. 

Pathogenic; causes a very characteristic chronic pneu- 
monitis associated with ciliostasis and marked sloughing 
of the epithelial lining in pigs. This collection of lesions in 
conjunction with Mycoplasma hyopneumoniae is referred to as 
enzootic pneumonia of pigs (EPP), and is associated with 
high morbidity and poor feed conversion (with propor- 
tional economic loss). The mechanism of transmission is 
via droplet aerosol. 

Tetracyclines and tylosin do not typically eradicate 
Mycoplasma hyopneumoniae from infected animals, but are 
effective in limiting sequelae. Maintenance of pigs on anti- 
biotics in conjunction with management practices involv- 
ing adequate nutrition, air quality, and stress reduction 
are commonly employed to control the effects of disease 
in endemic herds. Many molecular diagnostics have been 
described (Dubosson et al., 2004). Serological diagnostic 
techniques utilizing monoclonal antibodies have proven 
successful at distinguishing Mycoplasma hyopneumoniae from 
Mycoplasma flocculare, though the two share surface antigens 
(Armstrong et al., 1987). Numerous experimental vaccines 
have been described and several commercial vaccines are 
available. The latter appear to reduce or eliminate clinical 
signs rather than prevent infection (Browning et al., 2005). 

Source: isolated from the lungs, nasopharynx, tonsils, tra- 
chea, and bronchiolar lavage fluid of pigs (Marois et al., 
2007; Whittlestone, 1979). 

DNA G+C content (mol96): 27.5 (Bd), 28 (strain J" and 
strain 7448 complete genome sequence), 28.6 (strain 232 
complete genome sequence). 

Type strain: J, ATCC 25934, NCTC 10110. 

Sequence accession nos: AY737012 (16S rRNA gene), 
AF017243 (strain J" complete genome sequence), AE017244 
(strain 7448 complete genome sequence), AE017332 (strain 
232 complete genome sequence). 


Mycoplasma hyorhinis Switzer 1955, 5444" 


hy.o.rhi'nis. Gr. n. hys, hyos a swine; Gr. n. rhis, rhinos nose; 
N.L. gen. n. hyorhinis of a hog’s nose. 
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Cells are coccoid to coccobacillary. Motility for this species 
has not been assessed. Colonies on solid media display typi- 
cal fried-egg morphology. Grows well on S-4 supplemented 
with glucose at 37°C. 


Mycoplasma hyorhinis is associated with contamination 
of eukaryotic cell culture and can be removed by treat- 
ment of cells with antibiotics and/or maintenance of cell 
lines in antibiotic-containing medium. The noted effects 
of Mycoplasma hyorhinis on cell-cycle regulation make the 
detection and elimination of this organism particularly per- 
tinent (Goodison et al., 2007; Schmidhauser et al., 1990). 
The most effective classes of antibiotics for cell culture 
eradication are tetracyclines and fluoroquinolones (Borup- 
Christensen et al., 1988; Schmitt et al., 1988). 

Pathogenic; associated with arthritis, polyserositis, and 
otitis media in pigs. Mycoplasma hyorhinis is also regarded 
as a commensal of the nasopharynx that can occasionally 
cause pneumonia, often in association with other patho- 
gens (most notably Mycoplasma hyopneumoniae and Bordetella 
bronchiseptica). Mode of transmission is via droplet aerosol. 

Source: isolated from the nasopharynx, lungs, ear canal, 
synovial fluid, serous cavity, and pericardium of pigs (Friis 
and Szancer, 1994; Ross, 1992; Whittlestone, 1979). 

DNA G+C content (mol % ): 27.8 (T). 

Type strain: BTS-7, ATCC 17981, NCTC 10130, CIP 
104968, NBRC 14858. 

Sequence accession no. (16S rRNA gene): M24658. 


Mycoplasma hyosynoviae Ross and Karmon 1970, 710^- 


hy.o.sy.no.vi'ae. Gr. n. hys, hyos a swine; N.L. n. synovia fluid 
in the joints; N.L. gen. n. hyosynoviae of joint fluid of swine. 


Cells are coccoid to filamentous. Motility of this species 
has not been assessed. Colonies display a typical fried-egg 
appearance at 37°C. Grows well in SP-4 medium supple- 
mented with glucose at 37°C. A granular deposit and a waxy 
surface pellicle are produced during growth in broth. 

Pathogenic; causes infectious synovitis, arthritis, and 
rarely pericarditis in pigs. Transmission occurs from sows to 
piglets or between adults via aerosol. 

Lincosamides, fluoroquinolones, and macrolides have 
been used effectively for treatment in conjunction with 
improved disinfection and quarantine during husbandry. 

Source: isolated from the synovial fluid, nasopharynx, ton- 
sils, lymph nodes, and pericardium of pigs (Whittlestone, 
1979). 

DNA G+C content (mol96): 28.0 (Bd). 

Type strain: S16, ATCC 25591, NCTC 10167. 

Sequence accession no. (16S rRNA gene): U26730. 


Mycoplasma iguanae Brown, Demcovitz, Plourdé, Potter, 
Hunt, Jones and Rotstein 2006, 763V" 


i.gua'nae. N.L. gen. n. iguanae of the iguana lizard. 


Cells are predominantly coccoid. Nonmotile. Colonies on 
solid medium exhibit variable (convex to umbonate) forms; 
mature colonies display sectored centers. Grows well in SP-4 
medium supplemented with glucose between 25 and 42*C. 

Associated with pathologic lesions, but unable to repro- 
duce disease following experimental inoculation (Brown 
et al., 2007). Mechanism of transmission has not been estab- 
lished. 
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Source: isolated from vertebral abscesses of green 
iguanas. 

DNA G+C content (mol % ): not determined. 

Type strain: 2327, ATCC BAA-1050, NCTC 11745. 

Sequence accession no. (partial 16S rRNA gene sequence): 
AY714305. 


Mycoplasma imitans Bradbury Abdul-Wahab, Yavari, 


Dupiellet and Bové 1993, 726%" 


i'mi.tans. L. part. adj. imitans imitating, mimicking, refer- 
ring to the organism's phenotypic resemblance to Myco- 
plasma gallisepticum. 


Cells are oval and flask-shaped with a short, wide attach- 
ment organelle. Cells are motile and exhibit gliding motil- 
ity in the direction of the attachment organelle (Hatchel 
and Balish, 2008). Colonies have typical fried-egg morphol- 
ogy on solid medium. Grows well in SP-4 medium supple- 
mented with glucose at 37°C. 

Pathogenic; causes sinusitis in ducks, geese, and par- 
tridges. Disease has been reproduced experimentally. Mode 
of transmission has not been assessed definitively. 

Diagnosis of infection is potentially complicated by 
numerous factors. Serological cross-reactions occur with 
Mycoplasma gallisepticum due to known epitopes including 
PvpA, the VIhA hemagglutinins, pyruvate dehydrogenase, 
lactate dehydrogenase, and elongation factor Tu (Jan et al., 
2001; Lavrič et al., 2005; Markham et al., 1999; Rosengarten 
et al., 1995). In addition, the 16S rRNA genes share 99.9% 
identity, despite whole genome hybridization showing a 
relatedness of only 40-46%, potentially complicating molec- 
ular diagnostics based on the 16S rRNA gene. Two molecu- 
lar methods for distinguishing these two species have been 
described (Harasawa et al., 2004; Marois et al., 2001). 

Source: isolated from the nasal turbinates and sinuses of 
ducks, geese, and partridges (Dupiellet, 1984; Ganapathy 
and Bradbury, 1998; Kleven, 2003). 

DNA G+C content (mol% ): 31.9 (Bd). 

Type strain: 4229, NCTC 11733, ATCC 51306. 

Sequence accession no. (16S rRNA gene): L24103. 


Mycoplasma indiense Hill 1993, 39V" 


in.dien'se. N.L. neut. adj. indiense pertaining to India 
(source of the infected primates). 


Cells are pleomorphic. Nonmotile. Colonies on agar 
have a characteristic fried-egg appearance. Grows well in 
SP-4 medium supplemented with arginine at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established. 

Source: isolated from the throats of a rhesus monkey and 
a baboon (Hill, 1993). 

DNA G+C content (mol % ): 32 (Bd). 

Type strain: 3T, NCTC 11728, ATCC 51125. 

Sequence accession no. (16S rRNA gene): AF125595. 


Mycoplasma iners Edward and Kanarek 1960, 699^- 
i'ners. L. neut. adj. iners inactive, inert. 


The cell morphology is poorly defined. Motility for this 
species has not been assessed. Colonies on solid medium are 
relatively small and of a typical fried-egg appearance. Grows 
in Frey's medium supplemented with arginine at 37°C. 


602 


71. 


72. 


FAMILY I. MYCOPLASMATACEAE 


No evidence of pathogenicity. Mode of transmission has 
not been assessed definitively. 

Source: isolated from the respiratory tract of chickens, tur- 
keys, geese pigeons, pheasants, and partridges; and from 
tissues of swine (Benčina et al., 1987; Bradbury et al., 2001; 
Taylor-Robinson and Dinter, 1968). 

DNA G+C content (mol % ): 29.1 (T, ), 29.6 (Bd). 

Type strain: PG30, ATCC 19705, NCTC 10165. 

Sequence accession no. (16S rRNA gene): AF221114. 

Further comment: previously known as avian serotype E 
(Kleckner, 1960). 


Mycoplasma iowae Jordan, Erng, Cottew, Hinz and Stipko- 
vits 1982, 114%” 


i.o'wa.e. N.L. gen. n. iowae of Iowa. 


Cells are pleomorphic and some display a terminal 
protrusion with possible attachment properties (Gallagher 
and Rhoades, 1983; Mirsalimi et al., 1989). Motile. Colonies 
on agar show typical fried-egg appearance. Grows well in 
SP-4 medium supplemented with either glucose or arginine 
at 41-43°C (Grau et al., 1991; Yoder and Hofstad, 1964). 

Pathogenic; causes airsacculitis and embryo lethality 
resulting in reduced hatchability in turkeys. Transmission 
occurs vertically and by direct contact. 

Tetracyclines, macrolides, and fluoroquinolones are 
effective chemotherapeutic agents; however, medicating 
a commercial flock is not considered an effective control 
strategy. Management tactics are more commonly uti- 
lized. Molecular diagnostic methods have been described 
(Ramírez et al., 2008; Raviv and Kleven, 2009). Mycoplasma 
iowae strains show considerable intra-species antigenic 
heterogeneity and a cross-reactive epitope with both Myco- 
plasma gallisepticum and Mycoplasma imitans potentially com- 
plicating serology-based diagnosis of infection (Al-Ankari 
and Bradbury, 1996; Dierks et al., 1967; Rosengarten et al., 
1995). 

Source: isolated from the air sacs, intestinal tract, and eggs 
of turkeys, and from the seed of an apple tree with apple 
proliferation disease (Bradbury and Kleven, 2008; Grau 
etal., 1991; Mirsalimi et al., 1989). 

DNA G+C content (mol % ): 25 (Bd). 

Type strain: 695, ATCC 33552, NCTC 10185. 

Sequence accession no. (16S rRNA gene): M24293. 

Further comment: previously known as avian serotype I 
(Yoder and Hofstad, 1964). 


Mycoplasma lagogenitalium Kobayashi, Runge, Schmidt, 
Kubo, Yamamoto and Kirchhoff 1997, 1211V* 


la.go.ge.ni.ta'li.um. Gr. masc. n. lagos hare; L. neut. pl. gen. 
n. genitalium of genitals; N.L. gen. pl. n. lagogenitalium of 
hare's genitals. 


Cells are primarily coccoid. Nonmotile. Colonies on agar 
have a characteristic fried-egg appearance. Grows well in 
SP-4 medium supplemented with glucose at 37°C. 

No evidence of pathogenicity. Mechanism of transmis- 
sion has not been established. 

Source: isolated from the preputial smegma of Afghan 
pikas (Ochotona rufescens, Kobayashi et al., 1997). 

DNA G+C content (mol 96): 23 (T ). 
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Type strain: 12MS, ATCC 700289, CIP 105489, DSM 
22062. 
Sequence accession no. (16S rRNA gene): AF412983. 


Mycoplasma leachii Manso-Silvan, Vilei, Sachse, Djordjevic, 
Thiaucourt and Frey 2009, 1356" 

le.a.chii. N.L. masc. gen. n. leachii of Leach, named in 
honor of Dr R.H. Leach, who first characterized this taxon. 


Cells are pleomorphic. Nonmotile. Colonies on solid agar 
have a characteristic fried-egg appearance. Grows in modi- 
fied Hayflick medium supplemented with glucose at 37°C. 

Pathogenic; causes polyarthritis, mastitis, abortion, and 
pneumonia in cattle. Mode of transmission has not been 
established definitively. 

Tetracyclines appear to control infection during acute 
outbreaks (Hum et al, 2000). Mycoplasma leachii shares 
surface antigens with Mycoplasma mycoides subsp. mycoides, 
Mycoplasma capricolum subsp. capripneumoniae, and Myco- 
plasma capricolum subsp. capricolum, potentially compound- 
ing serology-based diagnosis of infection. 

Source: isolated from the synovial fluid, udders, expelled 
milk, lungs, lymph nodes, pericardium, cervix, vagina, pre- 
puce, semen, and aborted calves of cattle (Alexander et al., 
1985; Gourlay and Howard, 1979; Hum et al., 2000). 

DNA G+C content (mol % ): not determined. 

Type strain: PG50, NCTC 10133, DSM 21131. 

Sequence accession no. (16S rRNA gene): AF261730. 

Further comment: the assignment of strains formerly called 
“Mycoplasma species bovine group 7 of Leach” to the species 
Mycoplasma leachii came in response to a request from the Sub- 
committee on the Taxonomy of Mollicutes of the International 
Committee on Systematics of Prokaryotes for a proposal for 
an emended taxonomy for the members of the Mycoplasma 
mycoides phylogenetic cluster (Manso-Silván et al., 2009). 


Mycoplasma leonicaptivi corrig. Hill 1992, 521V" 


le.o.ni.cap'ti.vi. L. n. leo, -onis the lion; L. adj. captivus cap- 
tive; N.L. gen. n. leonicaptivi of the captive lion. 


Cells are pleomorphic (primarily coccoid). Nonmotile. 
Colonies on solid medium have a typical fried-egg appear- 
ance. Growth in SP-4 broth supplemented with glucose 
occurs between 35 and 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established. 

Source: isolated from the throat and respiratory tract of 
captive lions and leopards (Hill, 1992). 

DNA G+C content (mol % ): 27 (Bd). 

Type strain: 3L2, NCTC 11726, ATCC 49890. 

Sequence accession no. (16S rRNA gene): U16759. 

Further comment: the original spelling of the specific epi- 
thet, leocaptivus (sic), has been corrected by Trüper and 
De'Clari (1998). 


Mycoplasma leopharyngis Hill 1992, 521%” 


le.o.pha.ryn'gis. L. masc. n. leo, -onis lion; N.L. n. pharynx, 
-yngis (from Gr. n. pharugx, pharuggos throat) throat; N.L. 
gen. n. leopharyngis (sic) of the throat of a lion. 


Cells are coccoid to pleomorphic. Nonmotile. Colonies 
on solid medium have a typical fried-egg appearance under 
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anaerobic conditions. Grows in SP-4 broth supplemented 
with glucose at optimum temperatures of 35-37°C. Grows 
well under both aerobic and anaerobic conditions. 

No evidence of pathogenicity. Mechanism of transmis- 
sion has not been established. 

Source: isolated from the throat of lions (Hill, 1992). 

DNA G+C content (mol % ): 28 (Bd). 

Type strain: LL2, NCTC 11725, ATCC 49889. 

Sequence accession no. (16S rRNA gene): U16760. 


Mycoplasma lipofaciens Bradbury, Forrest and Williams 
1983, 334%? 


li.po.fa'ci.ens. Gr. n. lipos animal fat, lard, tallow; L. v. facio 
to make; N.L. part. adj. lipofaciens fat-making, intended to 
refer to the production of a lipid film on solid media. 


Cells are mainly spherical and elliptical. Nonmotile. Colo- 
nieson solid medium have typical fried-egg appearance. Grows 
in Hayflick medium supplemented with glucose or arginine 
at 37°C. Produces a strong “film and spots" reaction. 

Commensal of birds; little evidence exists for naturally 
occurring pathogenicity of the isolates, although experi- 
mental inoculation of chicken or turkey eggs can result in 
embryo mortality. Inadvertent transmission to an investi- 
gator during experimental inoculation studies resulted in 
clinical signs including rhinitis and pharyngitis. Aerosol 
transmission has been documented in turkeys. 

Source: isolated from the infraorbital sinuses of chickens; 
from tissues or eggs of turkeys and ducks; and from eggs of 
Northern goshawks (Benčina et al., 1987; Bradbury et al., 
1983; Lierz et al., 2007a, b, c, 2008b). 

DNA G+C content (mol % ): 24.5 (Bd). 

Type strain: R171, ATCC 35015, NCTC 10191. 

Sequence accession no. (16S rRNA gene): AF221115. 


Mycoplasma lipophilum Del Giudice, Purcell, Carski and 
Chanock 1974, 15244 


li.po.phi'lum. Gr. n. lipos animal fat; N.L. neut. adj. philum 
(from Gr. neut. adj. philon) friend, loving; N.L. neut. adj. 
lipophilum fat-loving. 

Cells are pleomorphic and granular. Motility for this spe- 
cies has not been assessed. Colonies display typical fried-egg 
morphology. Growth on solid medium is associated with 
heavy production of film that spreads over the surface of 
the agar, with the development of numerous internal par- 
ticles in the colonies. A film similar to that produced on 
agar medium develops on the surface of broth-grown cul- 
tures (Del Giudice et al., 1974). Grows in SP-4 or Hayflick 
medium supplemented with arginine at 37°C. 

Pathogenicity for this species is unclear. This species was 
first isolated from a human patient with primary atypical 
pneumonia; however, subsequent isolations from similarly 
symptomatic patients have not been achieved. Mode of 
transmission has not been formally assessed. 

Source: isolated from the upper and lower respiratory 
tract of a human with primary atypical pneumonia and the 
lower respiratory tract of rhesus monkeys (Hill, 1977). 

DNA G+C content (mol % ): 29.7 (Bd). 

Type strain: MaBy, ATCC 27104, NCTC 10173, NBRC 
14895. 

Sequence accession no. (168 rRNA gene): M24581. 
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Mycoplasma maculosum Edward 1955, 90^ 


ma.cu.lo'sum. L. neut. adj. maculosum spotted, alluding to a 
crinkled film covering the colonies and spreading between 
them, and spots appearing in the medium beneath and 
around the colonies. 


Cells are short and filamentous, with occasional branch- 
ing. Motility for this species has not been assessed. Colo- 
nies on solid medium have a typical fried-egg appearance. 
Grows well im Hayflick or SP-4 medium supplemented with 
arginine at 37°C. 

Opportunistic pathogen. Cause of pneumonia in domes- 
tic dogs and rarely of meningitis in immunocompromised 
humans. The route of transmission is via droplet aerosol. 

Source: isolated from the nasopharynx, lungs, conjuncti- 
vae, and urogenital tract of domestic dogs and the cerebro- 
spinal fluid of an immunocompromised human (Chalker, 
2005). 

DNA G+C content (mol % ): 26.7 (T, ), 29.6 (Bd). 

Type strain: PG15, ATCC 19327, NCTC 10168, NBRC 
14848. 

Sequence accession no. (16S rRNA gene): AF221116. 


Mycoplasma meleagridis Yamamoto, Bigland and Ortmayer 
1965, 47^ 


me.le.a’gri.dis. L. n. meleagris, -idis a turkey; L. gen. n. melea- 
gridis of a turkey. 


Cells are coccoid to coccobacillary. Motility for this spe- 
cies has not been assessed. An extracellular capsule can be 
visualized by electron microscopy following staining with 
ruthenium red (Green III and Hanson, 1973). Colonies on 
solid medium are not necessarily of typical fried-egg appear- 
ance. Grows in Frey's medium supplemented with arginine 
at 37-38°C (Yamamoto et al., 1965). 

Pathogenic; causes airsacculitis, pneumonia, sinusitis, 
perosis, chondrodystrophy, bursitis, synovitis, and reduced 
hatchability due to embryo lethality in turkeys. Transmis- 
sion is primarily vertical, but can also occur through droplet 
aerosol or sexual contact. 

Tetracyclines, macrolides, and fluoroquinolones are 
effective chemotherapeutic agents; however, medicating 
a commercial flock is not considered an effective control 
strategy. The temporary use of in ovo antimicrobial therapy 
can be used to eradicate Mycoplasma meleagridis from a flock. 
Management tactics (e.g., single age “all in/all out" systems 
and culling of endemic flocks) are more commonly utilized 
(Kleven, 2008). Serological and molecular diagnostic meth- 
ods have been described (Ben Abdelmoumen Mardassi 
et al., 2007; Ramírez et al., 2008; Raviv and Kleven, 2009). 

Source: isolated from the air sacs, trachea, infraorbital 
sinuses, oviduct, cloaca, phallus, and eggs of turkeys, and 
the air sacs of buzzards, kites, and kestrels (Chin et al., 2008; 
Jordan, 1979; Lam et al., 2004; Lierz et al., 2000). 

DNA G+C content (mol % ): 27.0 (T, ), 28.6 (Bd). 

Type strain: 17529, ATCC 25294, NCTC 10153. 

Sequence accession no. (16S rRNA gene): L24106. 

Further comment: previously known as avian serotype H 
(Kleckner, 1960). 


Mycoplasma microti (Dillehay, Sander, Talkington, Thacker 
and Brown 1995) Brown, Talkington, Thacker, Brown, 
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Dillehay and Tully 2001b, 412V* (Mycoplasma volis Dillehay, 
Sander, Talkington, Thacker and Brown 1995, 633) 


mi.cro'ti. N.L. n. Microtus a genus of field vole; N.L. gen. n. 
microti of Microtus. 


Cells are predominantly coccoid in shape. Nonmo- 
tile. Colonies on solid medium exhibit a typical fried-egg 
appearance. Grows well in SP-4 supplemented with glucose 
in temperatures ranging from 35 to 37*C. 

Opportunistic pathogen. No evidence exists for patho- 
genicity in the natural host; however, pneumonitis was 
experimentally induced in mice and rats (Evans-Davis et al., 
1998). 

Source: isolated from the nasopharynx and lung of prairie 
voles (Dillehay et al., 1995). 

DNA G+C content (mol96): not determined. 

Type strain: 1L371, ATCC 700935. 

Sequence accession no. (16S rRNA gene): AF212859. 


Mycoplasma moatsii Madden, Moats, London, Matthew 
and Sever 1974, 4644" 


mo.at'si.i. N.L. gen. masc. n. moatsii of Moats, named after 
Kenneth E. Moats, whose primary interest has been in the 
mycoplasmas of nonhuman primates. 


Cells are spheroidal and some exhibit protrusions from 
the membrane. Motility for this species has not been 
assessed. Colonies exhibit typical fried-egg morphology. 
Grows readily in SP-4 or Hayflick broth supplemented with 
either arginine or glucose at an optimum temperature of 
37°C. 

No evidence of pathogenicity. 

Source: isolated from the respiratory and reproductive 
tracts of grivet monkeys and from the cecum, jejunum, and 
colon of wild Norway rats (Giebel et al., 1990). 

DNA G+C content (mol% ): 25.7 (Bd). 

Type strain: MK 405, ATCC 27625, NCTC 10158. 

Sequence accession no. (16S rRNA gene): AF412984. 


Mycoplasma mobile Kirchhoff, Beyene, Fischer, Flossdorf, 
Heitmann, Khattab, Lopatta, Rosengarten, Seidel and 
Yousef 1987, 197V? 


mo?'bi.le. L. neut. adj. mobile motile. 


Cells are conical or flask-shaped and have a distinct ter- 
minal protrusion referred to as the “head-like structure”. 
Cells demonstrate rapid gliding motility when adhering to 
charged surfaces and move in the directional of the head- 
like structure (Miyata et al., 2002, 2000). Colonies on solid 
medium have a typically fried-egg appearance. Grows well 
in Aluotto’s medium supplemented with glucose or argi- 
nine. The temperature range for growth is 17-30*C, with 
optimum growth at 30°C. 

Pathogenic; causes necrotic erythrodermatitis in tench. 
The mode of transmission has not been established. 

Source: isolated from the gills of a freshwater fish (Tinca 
tinca) with “red disease" (Kirchhoff et al., 1987). 

DNA G+C content (mol % ): 23.5 (Bd), 24.9. 

Type strain: 163K, ATCC 43663, NCTC 11711. 

Sequence accession nos: M24480 (16S rRNA gene), 
NC 006908 (complete genome sequence of strain 
163K). 
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Mycoplasma molare Rgsendal 1974, 130^ 


mo.la’re. L. neut. adj. molare of or belonging to a mill, here 
millstone-like, referring to the heavy film reaction, which 
resembles the pattern on the surface of a millstone. 


Cells are coccoid to pleomorphic. Nonmotile. Colonies 
have a typical fried-egg appearance. Grows well in SP-4 
medium supplemented with glucose at 37°C. A lipid film of 
characteristic appearance develops on the surface and along 
the circumference of colonies grown on egg-yolk agar. 

Opportunistic pathogen. Associated with pharyngitis and 
mild inflammatory lesions of the lower respiratory tract and 
may be associated with infertility, vaginitis, and posthitis of 
domestic dogs. No clear evidence for primary pathogenicity 
of the species. Mode of transmission has not been estab- 
lished definitively. 

Source: isolated from the oral cavity, pharynx, cervix, 
vagina, and prepuce of domestic dogs (Rgsendal, 1979; 
(Chalker, 2005). 

DNA G+C content (mol % ): 26.0 (Bd). 

Type strain: H 542, ATCC 27746, NCTC 10144. 

Sequence accession no. (16S rRNA gene): AF412985. 


“Mycoplasma mucosicanis” Spergser, Langer, Muck, 


Macher, Szostak, Rosengarten and Busse 2010 
mu.co.si.ca'nis. N.L. n. mucosa mucous membrane; L. n. 
canis a dog; N.L. gen. n. mucosicanis of mucous membranes 
of a dog. 

Cells are pleomorphic, but primarily coccoid. Nonmo- 
tile. Colonies on solid media have a typical fried-egg mor- 
phology. Grows wells in modified Hayflick medium at 37°C 
and produces a “film and spots” reaction. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 

Source: isolated from the prepuce, semen, vagina, cervix, 
and oral cavity of domestic dogs (Spergser et al., 2010). 

DNA G+C content (mol % ): not determined. 

Type strain: 1642, ATCC BAA-1895, DSM 22457. 

Sequence accession no. (16S rRNA gene): AM774638. 


Mycoplasma muris McGarrity, Rose, Kwiatkowski, Dion, 
Phillips and Tully 1983, 355’? 


mu'ris. L. n. mus, muris mouse; L. gen. n. muris of a mouse. 


Cells are primarily coccoid or coccobacillary, but exhibit 
a few other pleomorphic forms. Motility for this species has 
not been assessed. Colonies usually have a granular appear- 
ance and few colonies demonstrate the typical fried-egg 
appearance. Grow well in SP-4 broth supplemented with 
arginine at 37°C and produces a “film and spots" reaction. 

No evidence of pathogenicity. 

Source: isolated from the vagina of a pregnant mouse (lab- 
oratory strain RIII; McGarrity et al., 1983). 

DNA G+C content (mol 96): 24.9 (TLC). 

Type strain: RIII-4, ATCC 33757, NCTC 10196. 

Sequence accession no. (16S rRNA gene): M23939. 


Mycoplasma mustelae Salih, Friis, Arseculeratne, Freundt 
and Christiansen 1983, 478%? 


mu.ste'lae. N.L. n. Mustela (from L. n. mustela a weasel) the 
generic name of the mink Mustela vison; N.L. gen. n. muste- 
lae of Mustela. 
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Cells are highly pleomorphic; most common morpholo- 
gies include pleomorphic rings, short filamentous forms, 
and coccoid elements. Nonmotile. Colonies on solid 
medium show a typical fried-egg appearance. Growth in 
Hayflick medium supplemented with glucose occurs at 
37°C. 

No evidence of pathogenicity. 

Source: isolated from the trachea and lungs of juvenile 
minks (Mustela vison; Salih et al., 1983). 

DNA G+C content (mol % ): 28.2 (Bd). 

Type strain: MX9, ATCC 35214, NCTC 10193, AMRC-C 
1486. 

Sequence accession no. (16S rRNA gene): AF412986. 


Mycoplasma neurolyticum (Sabin 1941) Freundt 1955, 73^ 
(Musculomyces neurolyticus Sabin 1941, 57) 


neu.ro.ly'ti.cum. Gr. n. neuron nerve; N.L. adj. lyticus -a -um 
(from Gr. adj. lutikos -é-on) able to loosen, able to dissolve; 
N.L. neut. adj. neurolyticum nerve-destroying. 


Cells are filamentous and highly variable length. Nonmo- 
tile (Nelson and Lyons, 1965). Colonies show a typical fried- 
egg appearance after incubation at 37°C. Grows in Hayflick 
medium supplemented with glucose at 37°C (Naot et al., 
1977). 

Pathogenicity is currently uncertain. Potentially associ- 
ated with spongiform encephalopathy and ischemic necro- 
sis of the brain resulting in a clinical state referred to as 
"rolling disease" in mice and rats. Pathology may be exac- 
erbated in the presence of additional neurotropic organ- 
isms (ie., Toxoplasma gondii, Chlamydia spp., Plasmodium 
spp., and yellow fever virus) or during leukemic syndromes. 
Transmission to suckling rodents occurs shortly after birth. 
Treatment of Mycoplasma neurolyticum infections is uncom- 
mon, as pathology is typically not resolvable after the onset 
of clinical signs. 

Source: isolated from the brain, conjunctivae, nasophar- 
ynx, and middle ear of captive mice and rats. 

DNA G+C content (mol % ): 22.8 (Bd), 26.2 (T, ). 

Type strain: Type A, ATCC 19988, NCTC 10166, CIP 
103926, NBRC 14799. 

Sequence accession no. (16S rRNA gene): M23944. 

Further comment: a putative exotoxin with neurological 
effects on rodents was formerly thought to be produced 
by most freshly isolated strains, although a few non-toxic 
strains were described (Tully and Ruchman, 1964). The 
findings were not substantiated by later work (Tryon and 
Baseman, 1992). 


Mycoplasma opalescens Rgsendal 1975, 469^ 


o.pa.les’cens. L. n. opalus precious stone; N.L. neut. adj. 
opalescens opalescent, referring to the opalescent film pro- 
duced on solid medium. 


Morphology by light microscopy or ultrastructural exam- 
ination is not defined. Motility for this species has not been 
assessed. Colonies on solid medium have a typical fried-egg 
appearance and possess an iridescent quality. Grows well in 
SP-4 medium supplemented with arginine at 37°C. 

No evidence of pathogenicity. 

Source: isolated from the oral cavity, prepuce, and pros- 
tate gland of domestic dogs (Rosendal, 1975). 
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DNA G+C content (mol96): 29.2 (Bd). 
Type strain: MH5408, ATCC 27921, NCTC 10149. 
Sequence accession no. (16S rRNA gene): AF538961. 


90. Mycoplasma orale Taylor-Robinson, Canchola, Fox and 


9T. 


Chanock 1964, 141^- 


o.ra'le. L. n. os, oris the mouth; L. neut. suff. -ale suffix 
denoting pertaining to; N.L. neut. adj. orale pertaining to 
the mouth. 


Cells can be either coccoid or filamentous. Motility for 
this species has not been assessed. Colonies on solid medium 
have a typical fried-egg appearance. Grows well in Hayflick 
or SP-4 medium supplemented with arginine at 37°C. 

Mycoplasma orale is most commonly associated with con- 
tamination of eukaryotic cell culture and is frequently 
removed by treatment of cells with antibiotics and/or main- 
tenance of cell lines in antibiotic-containing medium. The 
most effective classes of antibiotics for cell culture eradica- 
tion are tetracyclines, macrolides, and fluoroquinolones. 
Additionally, passage of eukaryotic cells in hyperimmune 
serum raised against Mycoplasma orale has been shown to be 
an effective method of eradication (Vogelzang and Com- 
peer-Dekker, 1969). 

Commensal/opportunistic pathogen. Commonly found 
as a commensal of the human oral cavity; can cause respira- 
tory tract infections, osteomyelitis, infectious synovitis, and 
abscesses in immunocompromised individuals (Paessler 
et al., 2002; Roifman et al., 1986). 

Source: isolated from the oral cavity of subclinical humans, 
the sputum of an immunocompromised human with acute 
respiratory illness, and from synovial fluid, bone, and splenic 
abscesses of another immunocompromised individual. 

DNA G+C content (mol % ): 24.0-28.2 (T. , Bd). 

Type strain: CH19299, ATCC 23714, NCTC 10112, CIP 
104969, NBRC 14477. 

Sequence accession no. (16S rRNA gene): M24659. 


Mycoplasma ovipneumoniae Carmichael, St George, Sullivan 
and Horsfall 1972, 6774+ 


o.vi.pneu.mo.ni'ae. L. fem. n. ovis a sheep; Gr. n. pneumonia 
pneumonia; N.L. gen. n. ovipneumoniae of sheep pneumo- 
nia. 

Morphology and motility are poorly described. The 
organism produces a polysaccharide capsule with variable 
thickness that is dependent upon culture conditions and 
strain (Niang et al, 1998). Colonies grown on standard 
agar are convex and have a lacy or vacuolated appearance. 
Grows well in Friis medium or SP-4 broth supplemented 
with glucose at 37°C. 

Pathogenic; causes chronic proliferative interstitial pneu- 
monia, pulmonary adenomatosis, conjunctivitis (Tones 
et al., 1976), and mastitis under experimental conditions 
(Jones, 1985) of sheep and goats. Transmission occurs via 
droplet aerosol and can occur via intravenous inoculation 
in experimental infection studies. 

Source: isolated from the lungs, trachea, nose, and con- 
junctivae of sheep and goats. 

DNA G+C content (mol 96): 25.7 (Bd). 

Type strain: Y98, NCTC 10151, ATCC 29419. 

Sequence accession no. (16S rRNA gene): U44771. 
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Mycoplasma ovis (Neitz, Alexander and du Toit 1934) 
Neimark, Hoff and Ganter 2004, 369V* (Eperythrozoon ovis 
Neitz, Alexander and du Toit 1934, 267) 


o'vis. L. fem. n. ovis, -is a sheep; L. gen. n. ovis of a sheep. 


Cells are coccoid and motility for this species has not 
been assessed. The morphology of infected erythrocytes 
is altered demonstrating a marked depression at the site 
of Mycoplasma ovis attachment. This species has not been 
grown on artificial medium; therefore, notable biochemical 
parameters are not known. 

Neoarsphenamine is an effective therapeutic agent. Myco- 
plasma ovis is reported to share antigens with Mycoplasma 
wenyonii (Kreier and Ristic, 1963), potentially complicating 
serology-based diagnosis of infection. 

Pathogenic; causes mild to severe anemia in sheep and 
goats that often results in poor feed conversion. Transmis- 
sion occurs via blood-feeding arthropods, e.g., Haemophysalis 
plumbeum, Rhipicephalus bursa, Aedes camptorhynchus, and 
Culex annulirostris (Daddow, 1980; Howard, 1975; Nikol'skii 
and Slipchenko, 1969), and likely via fomites such as reused 
needles, shearing tools, and ear-tagging equipment (Brun- 
Hansen et al., 1997; Mason and Statham, 1991). 

Source: observed in association with erythrocytes or unat- 
tached in suspension in the blood of sheep, goats, and 
rarely in eland and splenectomized deer. 

DNA G+C content (mol% ): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AF338268. 


Mycoplasma oxoniensis Hill 1991b, 24°” 


oxo.ni.en'sis. N.L. adj. oxoniensis (sic) pertaining to Oxon, 
an abbreviation of Oxfordshire, where the mycoplasma was 
first isolated. 


Cells are primarily coccoid. Nonmotile. Colonies on agar 
have a typical fried-egg appearance. Growth in SP-4 broth 
supplemented with glucose occurs at 35-37°C. 

No evidence of pathogenicity. Mode of transmission is 
unknown. 

Source: isolated from the conjunctivae of the Chinese 
hamster (Cricetulus griseus, Hill, 1991b). 

DNA G+C content (mol 96): 29 (Bd). 

Type strain: 128, NCTC 11712, ATCC 49694. 

Sequence accession no. (168 rRNA gene): AF412987. 


Mycoplasma penetrans Lo, Hayes, Tully Wang, Kotani, 
Pierce, Rose and Shih 1992, 363V* 

pe.ne'trans. L. part. adj. penetrans penetrating, referring to 
the ability of the organism to penetrate into mammalian 
cells. 

Cells are flask-shaped, with a distinct terminal struc- 
ture reminiscent of the Mycoplasma pneumoniae attachment 
organelle. Cells demonstrate gliding motility when adher- 
ing to charged surfaces and move in the direction of the 
terminal structure. Colonies on agar plates display a typi- 
cal fried-egg appearance. Grows well in SP-4 broth supple- 
mented with either glucose or arginine at 37°C. 

Opportunistic pathogen; found in the urogenital tract of 
immunocompromised humans, most notably HIV-positive 
individuals (serological detection in HIV-negative individu- 
als is rare). Speculation regarding the ability of Mycoplasma 
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penetrans to act as a cofactor in the progression of AIDS by 
modulation of the immune system remains intriguing, but 
in need of further substantiation (Blanchard, 1997). Trans- 
mission is presumed to be via sexual contact. 

Source: isolated from the urine of HIV-positive humans, 
and from the blood, respiratory secretions, and trachea of 
an HIV-negative patient with multiple autoimmune syn- 
dromes (Yanez et al., 1999). 

DNA G«C content (mol96): 30.5 (T), 25.7 (HF-2 genome 
sequence; Sasaki et al., 2002). 

Type strain: GTU-54-6A1, ATCC 55252. 

Sequence accession nos: L10839 (16S rRNA gene), 
NC. 004432 (HF-2 complete genome sequence). 


Mycoplasma phocicerebrale corrig. Giebel, Meier, Binder, 
Flossdorf, Poveda, Schmidt and Kirchhoff 1991, 43V" 


pho.ci.ce.re.bra'le. L. n. phoca seal; N.L. neut. adj. cerebrale 
of or pertaining to the brain; N.L. neut. adj. phocicerebrale 
pertaining to the brain of a seal. 


Cells are coccoid or exhibit a dumbbell shape. Motility 
for this species has not been assessed. Colonies on solid 
medium typically show a fried-egg appearance. Grows well 
in SP-4 medium supplemented with arginine at 37°C. 

Pathogenic; associated with respiratory disease and con- 
junctivitis in harbor seals (Kirchhoff et al., 1989) and a dis- 
tinctive ulcerative keratitis subsequent to seal bites (known 
as “seal finger”) and secondary arthritis in humans (Baker 
et al., 1998; Staby, 2004). Mode of transmission between 
harbor seals has not been established definitively; transmis- 
sion to humans appears to be zoonotic following seal bites. 

Source: isolated from the brains, noses, throats, lungs, and 
hearts of seals (Phoca vitulina) during an outbreak of respi- 
ratory disease (Kirchhoff et al., 1989), and from cutaneous 
lesions of humans with seal finger (Baker et al., 1998). 

DNA G+C content (mol % ): 25.9 (Bd). 

Type strain: 1049, ATCC 49640, NCTC 11721. 

Sequence accession no. (16S rRNA gene): AF304323. 

Further comment: the original spelling of the specific epi- 
thet, phocacerebrale (sic), has been corrected by Kónigsson 
et al. (2001). 


Mycoplasma phocidae Ruhnke and Madoff 1992, 213%" 


pho.ci'da.e. L. n. phoca seal; N.L. gen. n. phocidae (sic) of a 
seal. 


Cells are primarily coccoid. Motility for this species has 
not been assessed. Colonies on solid medium have a typi- 
cal fried-egg appearance. Grows well in SP-4 or Hayflick 
medium supplemented with arginine at 37°C. Produces 
“film and spots” reaction. 

Opportunistic pathogen; associated with secondary 
pneumonia of harbor seals subsequent to influenza infec- 
tion. Attempts to produce disease in gray or harp seals with 
Mycoplasma phocidae in pure culture were not successful 
(Geraci et al., 1982). Mode of transmission has not been 
established definitively. 

Source: isolated from the lungs, tracheae, and heart of 
harbor seals. 

DNA G+C content (mol % ): 27.8 (Bd). 

Type strain: 105, ATCC 33657. 

Sequence accession no. (16S rRNA gene): AF304325. 
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Further comment: the species designation “Mycoplasma 
phoca’ was suggested by Kónigsson et al. (2001), but the 
original epithet “phocidae’ should be retained. The sug- 
gested change is forbidden by Rule 61 (Note) of the Bacte- 
riological Code because it would change the first syllable of 
the original epithet without correcting any orthographic or 
typographical error. 


Mycoplasma phocirhinis corrig. Giebel, Meier, Binder, 
Flossdorf, Poveda, Schmidt and Kirchhoff 1991, 43V" 


pho.ci.rhi'nis. L. n. phoca seal; Gr. n. rhis, rhinos nose; N.L. 
gen. n. phocirhinis of the nose of a seal. 


Cells are coccoid; motility for this species has not been 
assessed. Colonies on solid medium usually have a fried- 
egg appearance. Grows well in Friis or Hayflick medium at 
37°C. Produces “film and spots" reaction. 

Pathogenic; associated with respiratory disease and con- 
junctivitis of harbor seals (Kirchhoff et al., 1989). Mode of 
transmission has not been established definitively. 

Source: isolated from the nose, pharynx, trachea, lungs, 
and heart of seals (Phoca vitulina; Kirchhoff et al., 1989). 

DNA G+C content (mol % ): 26.5 (Bd). 

Type strain: 852, ATCC 49639, NCTC 11722. 

Sequence accession no. (16S rRNA gene): AF304324. 

Further comment: the original spelling of the specific 
epithet, phocarhimis (sic), has been corrected by Kónigsson 
et al. (2001) 


Mycoplasma pirum Del Giudice, Tully, Rose and Cole 1985, 
290%" 

pi'rum. L. neut. n. pirum (nominative in apposition) pear, 
referring to the pear-shaped morphology of the cells. 


Cells are predominantly flask or pear-shaped and possess 
an organized terminal structure, with an outer, finely par- 
ticulate nap covering the entire surface of the cell. Cells 
exhibit low-speed gliding motility and move in the direc- 
tion of the terminal organelle (Hatchel and Balish, 2008). 
Colonies display a typical fried-egg appearance. Grows well 
in SP-4 medium supplemented with glucose at 37°C. 

No evidence of pathogenicity. 

Source: isolated from the rectum of immunocompetent 
humans and whole blood and circulating lymphocytes of 
HIV-positive humans (Montagnier et al., 1990). Originally 
isolated from cultured eukaryotic cells that were of human 
origin (Del Giudice et al., 1985). 

DNA G+C content (mol % ): 25.5 (Bd). 

Type strain: HRC 70-159, ATCC 25960, NCTC 11702. 

Sequence accession no. (16S rRNA gene): M23940. 


Mycoplasma pneumoniae Somerson, Taylor-Robinson and 
Chanock 1963, 122^- 


pneu.mo.ni'ae. Gr. n. pneumonia pneumonia; N.L. gen. n. 
pneumoniae of pneumonia. 


Cells are highly pleomorphic; the predominant shape 
includes a long, thin terminal structure at one cell pole, 
with or without a trailing filament at the opposite pole. 
Cells are motile and glide in the direction of the terminal 
organelle when attached to cell surfaces, plastic, or glass. 
Colonies on solid medium usually lack the light peripheral 
zone, appearing rather as circular dome-shaped, granular 


structures. Growth is best achieved in SP-4 medium supple- 
mented with glucose at 37°C. 

Pathogenic; causes interstitial pneumonitis, tracheobron- 
chitis, desquamative bronchitis, and pharyngitis [collectively 
referred to as primary atypical pneumonia (PAP); Krause 
and Taylor-Robinson (1992)]. Less commonly, Mycoplasma 
pneumoniae causes meningoencephalitis, otitis media, bullous 
myringitis, infectious synovitis, glomerulonephritis, pancrea- 
titis, hepatitis, myocarditis, pericarditis, hemolytic anemia, 
and rhabdomyolysis (Waites and Talkington, 2005). The 
preceding can be primary lesions, but are often secondary 
to respiratory disease. Dysfunction of the immune system by 
inappropriate cytokine responses or possibly molecular mim- 
icry following infection are associated with long-term seque- 
lae including the development or exacerbation of asthma and 
chronic obstructive pulmonary disease; Stevens-Johnson syn- 
drome and other exanthemas; and Guillain-Barre syndrome, 
Bell's palsy, and demyelinating neuropathies (Atkinson et al., 
2008). Mode of transmission is via droplet aerosols (PAP) or 
sexual contact (urogential colonization). 

Clinical manifestations are successfully treated with tet- 
racyclines, fluoroquinolones, macrolides, and lincosamides 
(Waites and Talkington, 2005). Signs can be treated with 
inhaled or injected steroids. Experimental vaccinations 
aimed at preventing infection have been unsuccessful due 
to failure to elicit immune responses, retention of viru- 
lence, or invocation of immune responses that exacerbated 
clinical signs (Barile, 1984; Jacobs et al., 1988). Mycoplasma 
pneumoniae is reported to share antigens with Mycoplasma 
genitalium (Taylor-Robinson, 19832), potentially complicat- 
ing serology-based diagnosis of infection. 

Source: isolated from the upper and lower respiratory 
tract, cerebrospinal fluid, synovial fluid, and urogential 
tract of humans. 

DNA G+C content (mol96): 38.6 (T), 40.0 (strain M129 
genome sequence). 

Type strain: FH, ATCC 15531, NCTC 10119, CIP 103766, 
NBRC 14401. 

Sequence accession nos: M29061 (16S rRNA gene), U00089 
(strain M129 genome sequence). 


100. Mycoplasma primatum Del Giudice, Carski, Barile, Lemcke 


and Tully 1971, 442^ 


pri.ma'tum. L. n. primas, primatis chief, from which pri- 
mates, the highest order of mammals originates; L. pl. gen. 
n. primatum of chiefs, of primates. 


Cells are both spherical and coccobacillary. Motility for 
this species has not been assessed. Colony morphology 
has a fried-egg appearance. Grows well in SP-4 or Hayflick 
medium supplemented with arginine at 37°C. 

Opportunistic pathogen; rarely associated with keratitis 
in humans (Ruiter and Wentholt, 1955). Mode of trans- 
mission has not been established. 

Source: isolated from the oral cavity and/or urogenital 
tract of baboons, African green monkeys, rhesus macaques, 
squirrel monkeys, and humans (Hill, 1977; Somerson and 
Cole, 1979; Thomsen, 1974). 

DNA G+C content (mol % ): 28.6 (T). 

Type strain: HRC292, ATCC 25948, NCTC 10163. 

Sequence accession no. (16S rRNA gene): AF221118. 
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Mycoplasma pullorum Jordan, Erno, Cottew, Hinz and 
Stipkovits 1982, 114V" 


pul.lo'rum. L. n. pullus a young animal, especially chicken; 
L. gen. pl. n. pullorum of young chickens. 


Cells are coccoid to coccobacillary. Motility for this 
species has not been assessed. Colonies on solid medium 
display typical fried-egg appearance. Grows in Frey's or 
Hayflick medium supplemented with glucose at 37°C. 

Pathogenicity not fully established, but has been asso- 
ciated with tracheitis and airsacculitis in chickens, and 
embryo lethality resulting in reduced hatchability in 
chickens and turkeys. Mode of transmission has not been 
assessed definitively. 

Source: isolated from the trachea, air sacs, and eggs of 
chickens; from the eggs of turkeys; and from tissues of 
pheasants, partridges, pigeons, and quail (Benčina et al., 
1987; Bradbury et al., 2001; Kempf et al., 1991; Kleven, 
2003; Lobo et al., 2004; Moalic et al., 1997; Poveda et al., 
1990). 

DNA G+C content (mol 96): 29 (Bd). 

Type strain: CKK, ATCC 33553, NCTC 10187. 

Sequence accession no. (16S rRNA gene): U58504. 

Further comment: previously known as avian serotype C 
(Adler et al., 1958). 


Mycoplasma pulmonis (Sabin 1941) Freundt 1955, 73^ 
(Murimyces pulmonis Sabin 1941, 57) 


pul.mo"nis. L. n. pulmo, -onis the lung; L. gen. n. pulmonis 
of the lung. 


Cells are predominantly coccoid with a well-organized 
terminal structure. Cells are motile and glide in the direc- 
tion of the terminal structure. An extracellular capsular 
matrix can be demonstrated by staining with ruthenium 
red and formation of biofilms has been demonstrated. 
Colonies on solid medium have a coarsely granulated and 
vacuolated appearance, with a lesser tendency to grow 
into the agar, and the central spot is consistently less well 
defined than in most other Mycoplasma species. Grows in 
SP-4 or modified Hayflick broth supplemented with glu- 
cose at an optimum temperature of 37°C. 

Pathogenic; causes rhinitis, laryngotracheitis, broncho- 
pneumonia (collectively described as murine respiratory 
mycoplasmosis in mice), otitis media, conjunctivitis, acute 
and chronic arthritis, oophoritis, salpingitis, epididymitis, 
and urethritis of rodents (chiefly mice, rats, guinea pigs, 
and hamsters). Transmission occurs via aerosol, fomites, 
sexual contact, or vertically during gestation. 

Macrolides, fluoroquinolones, and tetracyclines are 
effective against Mycoplasma pulmonis in vitro; however, con- 
trol measures such as decontamination of fomites, culling 
of infected colonies, and treatment of clinical signs with 
steroids are more commonly employed in clinical settings. 
Several candidate vaccines have been described. 

Source:isolated from the respiratory and urogenital tracts, 
€yes, synovial fluid, and synovial membranes of (principally 
captive) rodents, and rarely from the nasopharynx of rab- 
bits and horses (Allam and Lemcke, 1975; Cassell and Hill, 
1979; Deeb and Kenny, 1967; Simecka et al., 1992). 

DNA G+C content (mol96): 27.5—29.2 (Bd), 26.6 (strain 
UAB CTIP genome sequence). 
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Type strain: Ash, PG34, ATCC 19612, NCTC 10139, CIP 
75.26, NBRC 14896. 

Sequence accession nos: M23941 (16S rRNA gene 
sequence), NC_002771 (strain UAB CTIP genome sequence). 


Mycoplasma putrefaciens Tully, Barile, Edward, Theodore 
and Erng 1974, 116^ 


pu.tre.fa'ci.ens. L. v. putrefacio to make rotten; L. part. 
adj. putrefaciens making rotten or putrefying, connot- 
ing the production of a putrid odor in broth and agar 
cultures. 


Cells are predominantly coccobacillary to pleomorphic. 
Nonmotile. Formation of biofilms has been demonstrated 
(McAuliffe et al., 2006). Colony morphology has a typical 
fried-egg appearance. Grows well in SP-4 medium supple- 
mented with glucose at 37°C. 

Pathogenic; causes polyarthritis, mastitis, conjunctivi- 
tis (a syndrome collectively termed contagious agalactia) 
(Bergonier et al., 1997), abortion, salpingitis, metritis, and 
testicular atrophy (Gil et al., 2003) in goats. 

Macrolides, fluoroquinolones, lincosamides, and tetra- 
cyclines are effective against Mycoplasma putrefaciens, how- 
ever, control measures such as decontamination of fomites 
and culling of infected herds are typically recommended 
to discourage the development of antimicrobial-resistant 
strains in carrier animals (Antunes et al., 2007; Bergonier 
et al., 1997). 

Source: isolated from the synovial fluid, udders, expelled 
milk, conjunctivae, ear canal, uterus, and testes of goats. 

DNA G+C content (mol % ): 28.9 (T). 

Type strain: KS1, ATCC 15718, NCTC 10155. 

Sequence accession no. (16S rRNA gene): M23938. 


Mycoplasma salivarium Edward 1955, 90^ 


sa.li.ya'ri.um. L. neut. adj. salivarium slimy, saliva-like, 
intended to denote of saliva. 


Cells are coccoid to coccobacillary. Nonmotile. Colonies 
are large with a typical fried-egg appearance. Grows well in 
Hayflick medium supplemented with arginine at 37°C and 
produces a “film and spots" reaction. 

Mycoplasma salivarium is most frequently associated 
with contamination of eukaryotic cell culture and is fre- 
quently removed by treatment of cells with antibiotics 
and/or maintenance of cell lines in antibiotic-containing 
medium. The most effective classes of antibiotics for cell 
culture eradication are tetracyclines, macrolides, and flu- 
oroquinolones. 

Opportunistic pathogen; primarily found as a commen- 
sal of the human oral cavity, and rarely associated with 
arthritis, submasseteric abscesses, gingivitis, and periodon- 
titis in immunocompromised patients (Grisold et al., 2008; 
Lamster et al., 1997; So et al., 1983). Mode of transmission 
is via direct contact with human saliva. 

Source: isolated from the oral cavity, synovial fluid, den- 
tal plaque, and abscessed mandibles of humans, and the 
nasopharynx of pigs (Erickson et al., 1988). 

DNA G+C content (mol % ): 27.3 (Bd). 

Type strain: PG20, H110, ATCC 23064, NCTC 10113, 
NBRC 14478. 

Sequence accession no. (16S rRNA gene): M24661. 
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Mycoplasma simbae Hill 1992, 520%? 
sim'bae. Swahili n. simba lion; N.L. gen. n. simbae of a lion. 


Cells are pleomorphic and nonmotile. Colonies on solid 
medium have a typical fried-egg appearance. Film is pro- 
duced by cultivation on egg yolk agar. Grows well in SP-4 
medium at 37°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established. 

Source: isolated from the throats of lions (Hill, 1992). 

DNA G+C content (mol% ): 37 (Bd). 

Type strain: LX, NCTC 11724, ATCC 49888. 

Sequence accession no. (16S rRNA gene): U16323. 


Mycoplasma spermatophilum Hill 1991a, 232%” 


sper.ma.to.phi'lum. Gr. n. sperma, -atos sperm or seed; N.L. 
neut. adj. philum (from Gr. neut. adj. philon) friend, loving; 
N.L. neut. adj. spermatophilum sperm-loving. 


Cells are primarily coccoid. Nonmotile. Colonies are 
convex to fried-egg shaped and are of below-average size. 
Grows well in SP-4 medium supplemented with added argi- 
nine under anaerobic conditions at 37°C. 

Pathogenic; potentially associated with infertility, as 
infected spermatozoa do not fertilize ova and infected 
fertilized ova were unable to implant following in vitro 
fertilization (Hill et al., 1987; Hill, 1991a). Mode of trans- 
mission is via sexual contact. 

Source: isolated from the semen and cervix of humans 
with impaired fertility. 

DNA G+C content (mol % ): 32 (Bd). 

Type strain: AH159, NCTC 11720, ATCC 49695, CIP 
105549. 

Sequence accession no. (16S rRNA gene): AF221119. 


Mycoplasma spumans Edward 1955, 90^ 


spu'mans. L. part. adj. spumans foaming, presumably allud- 
ing to thick dark markings that suggest the presence of 
globules inside the coarsely reticulated colonies. 


Cells are coccoid to filamentous. Motility for this species 
has not been assessed. Colonies in early subcultures have a 
coarsely reticulated and vacuolated appearance. A typical 
fried-egg appearance of the colonies develops on repeated 
subculturing. Grows well in SP-4 or modified Hayflick 
medium supplemented with arginine. 

Opportunistic pathogen; primarily found as a commen- 
sal of the nasopharynx, but has also been associated with 
pneumonia and arthritis of domestic dogs. Mode of trans- 
mission has not been established definitively. 

Source: isolated from the lungs, nasopharynx, synovial fluid, 
cerebrospinal fluid, trachea, prepuce, prostate, bladder, cer- 
vix, vagina, and urine of domestic dogs (Chalker, 2005). 

DNA G«C content (mol % ): 28.4 (T). 

Type strain: PG13, ATCC 19526, NCTC 10169, NBRC 
14849. 

Sequence accession no. (16S rRNA gene): AF125587. 


Mycoplasma sturni Forsyth, Tully, Gorton, Hinckley, 
Frasca, van Kruiningen and Geary 1996, 719‘? 

stur'ni. N.L. n. Sturnus (from L. n. sturnusa starling or stare) 
a genus of birds, N.L. gen. n. sturni of the genus Sturnus, the 
genus of the bird from which the organism was isolated. 
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Cells are primarily coccoid with some irregular 
flask-shaped and filamentous forms seen. Motility for this 
species has not been assessed. Colonies on agar usually have 
a fried-egg appearance when grown at 37°C. Grows well in 
SP-4 medium supplemented with glucose at 34-37*C. 

Pathogenicity has not been fully established, but it is 
associated with conjunctivitis in the European starling, 
mockingbirds, blue jays, and American crows. The organ- 
ism is also found in clinically normal birds. Mode of trans- 
mission has not been established definitively. 

Source: isolated from the conjunctivae of European star- 
lings, mockingbirds, blue jays, American crows, American 
robins, blackbirds, rooks, carrion crows, and magpies 
(Frasca et al., 1997; Ley et al., 1998; Pennycott et al., 2005; 
Wellehan et al., 2001). 

DNA G+C content (mol96): 31 (Bd). 

Type strain: UCMF, ATCC 51945. 

Sequence accession no. (16S rRNA gene): U22013. 


Mycoplasma sualvi Gourlay, Wyld and Leach 1978, 292^- 


su.al'vi. L. n. sus, suis swine; L. n. alvus bowel, womb, stom- 
ach; N.L. gen. n. sualvi of the bowel of swine. 


Cells are coccobacillary and many possess organized 
terminal structures. Nonmotile. Colonies have a typical 
fried-egg appearance. Grows well in SP-4 medium supple- 
mented with either arginine or glucose at 37°C. 

No evidence of pathogenicity. 

Source: isolated from the rectum, colon, small intestines, 
and vagina of pigs (Gourlay et al., 1978). 

DNA G+C content (mol96): 23.7 (Bd). 

Type strain: Mayfield B, NCTC 10170, ATCC 33004. 

Sequence accession no. (16S rRNA gene): AF412988. 


Mycoplasma subdolum Lemcke and Kirchhoff 1979, 49^ 


sub.do'lum. L. neut. adj. subdolum somewhat deceptive, 
alludes to the deceptive color change that led to the 
original erroneous description of the strains as urea- 
hydrolyzing. 

Cells are coccoid to coccobacilliary. Motility for this 
species has not been assessed. Colony growth on solid 
medium exhibits the typical fried-egg appearance. Grows 
well in SP-4, Frey’s, or Hayflick medium supplemented 
with arginine at 37°C. 

Opportunistic pathogen; equivocal evidence for viru- 
lence may represent variation among strains. Associated 
with impaired fecundity and abortion in horses; however, 
is highly prevalent in clinically normal horses (Spergser 
et al., 2002). Mode of transmission is via sexual contact. 

Source: isolated from the cervix, semen, and aborted 
foals of horses (Lemcke and Kirchhoff, 1979). 

DNA G+C content (mol % ): 28.8 (Bd). 

Type strain: TB, ATCC 29870, NCTC 10175. 

Sequence accession no. (16S rRNA gene): AF125588. 


Mycoplasma suis corrig. (Splitter 1950) Neimark, 
Johansson, Rikihisa and Tully 2002b, 683%" (Eperythrozoon 
suis Splitter 1950, 513) 

su'is. L. gen. n. suis of the pig. 


Cells are coccoid. Motility for this species has not been 
assessed. This species has not been grown on any artificial 
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medium; therefore, notable biochemical parameters are 
not known. 

Neoarsphenamine and tetracyclines are effective thera- 
peutic agents. An enzymedinked immunosorbant assay 
(ELISA) and PCR-based detection assays to enable diagno- 
sis of infection have been described (Groebel et al., 2009; 
Gwaltney and Oberst, 1994; Hoelzle, 2008; Hsu et al., 1992). 

Pathogenic; causes febrile icteroanemia in pigs. Trans- 
mission occurs via insect vectors including Stomoxys calci- 
trans and Aedes aegypti (Prullage et al., 1993). 

Source: observed in association with the erythrocytes of 
pigs. 

DNA G+C content (mol 96) 31.1 (complete genome 
sequence of strain Illinois; J.B. Messick et al., unpublished). 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AF029394. 

Further comment: the original spelling of the specific epi- 
thet, haemosuis (sic), has been corrected by the List Editor. 


Mycoplasma synoviae Olson, Kerr and Campbell 1964, 
209%" 


sy.novi'ae. N.L. n. synovia the joint fluid; N.L. gen. n. syn- 
oviae of joint fluid. 


Cells are coccoid and pleomorphic. Nonmotile. An 
amorphous extracellular layer is described. Colony appear- 
ance on solid medium is variable with some showing typi- 
cal fried-egg type colonies. Grows well in Frey's medium 
supplemented with glucose, L-cysteine, and nicotinamide 
adenine dinucleotide at 37°C. Produces a “film and spots” 
reaction (Ajufo and Whithear, 1980; Frey et al., 1968). 

Pathogenic; causes infectious synovitis, osteoarthritis, 
and upper respiratory disease which is often subclinical in 
chickens and turkeys. Also associated with a reduction in 
egg quality in chickens. Mycoplasma synoviae is often found 
in association with additional avian pathogens including 
Mycoplasma gallisepticum, avian strains of Escherichia coli, 
Newcastle disease virus, and infectious bronchitis virus. 
Direct contact with fomites and droplet aerosols are the 
primary mechanisms of transmission. 

Tetracyclines and fluoroquinolones are effective che- 
motherapeutic agents; however, treatment is typically only 
sought for individual birds, as medicating a commercial 
flock is not considered an effective control strategy. Vac- 
cination and management strategies (i.e., single age “all 
in/all out” systems and culling of endemic flocks) are 
more commonly utilized. A live vaccine is commercially 
available. Mycoplasma synoviae shares surface antigens with 
Mycoplasma gallisepticum, potentially complicating serology- 
based diagnosis of infection. Numerous molecular diag- 
nostics have been described. This organism is listed in the 
Terrestrial Animal Health Code of the Office International 
des Epizooties (http://oie.int; Yogev et al., 1989; Browning 
etal., 2005; Kleven, 2008; Hammond et al., 2009; Raviv and 
Kleven, 2009) 

Source: isolated from the synovial fluid, synovial mem- 
branes, and respiratory tract tissues of chickens and tur- 
keys, and from ducks, geese, pigeons, Japanese quail, 
pheasants, red-legged partridges, wild turkeys, and house 
sparrows (Bradbury and Morrow, 2008; Feberwee et al., 
2009; Jordan, 1979; Kleven, 1998). 
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DNA G+C content (mol % ): 34.2 (Bd). 

Type strain: WVU 1853, ATCC 25204, NCTC 10124. 

Sequence accession nos: X52083 (16S rRNA gene), 
NC_007294 (strain 53 complete genome sequence). 


Mycoplasma testudineum Brown, Merritt, Jacobson, Klein, 
Tully and Brown 2004, 1529” 


tes.tu.di'ne.um. L. neut. adj. testudineum of or pertaining 
to a tortoise. 


Cells are predominantly coccoid in shape, though some 
exhibit a terminal protrusion. Cells exhibit gliding motility. 
Colonies on solid medium exhibit typical fried-egg forms. 
Grows well in SP-4 medium supplemented with glucose at 
22-30°C, 

Pathogenic; causes rhinitis and conjunctivitis in desert 
and gopher tortoises. Mode of transmission appears to be 
intranasal inhalation (Brown et al., 2004). 

Source: isolated from the nares of desert tortoises 
(Gopherus agassizii) and gopher tortoises (Gopherus 
polyphemus). 

DNA G+C content (mol % ): not determined. 

Type strain: BH29, ATCC 700618, MCCM 03231. 

Sequence accession no. (16S rRNA gene): AY366210. 


Mycoplasma testudinis Hill 1985, 491V? 


tes.tu'di.nis. L. n. testudo, -inis tortoise; L. gen. n. testudinis 
of a tortoise. 


Cells are pleomorphic, with many possessing a terminal 
organelle similar to those of Mycoplasma gallisepticum and 
Mycoplasma amphoriforme that periodically exhibits curva- 
ture (Hatchel et al., 2006). A subset of cells are motile and 
glide at high speed in the direction of the terminal struc- 
ture. Colonies on solid medium have a typical fried-egg 
appearance. Grows well in SP-4 medium supplemented 
with glucose at 25-37°C, with optimum growth at 30°C. 

No evidence of pathogenicity. Mode of transmission has 
not been established definitively. 

Source: isolated from the cloaca of a Greek tortoise (Hill, 
1985). 

DNA G+C content (mol P): 35 (T). 

Type strain: 01008, NCTC 11701, ATCC 43263. 

Sequence accession no. (16S rRNA gene): U09788. 


Mycoplasma verecundum Gourlay, Leach and Howard 
1974, 483^- 

ve.re’cun.dum. L. neut. adj. verecundum shy, unobtru- 
sive, free from extravagance, alluding to the lack of obvi- 
ous biochemical characteristics of the species. 

Cells are highly pleomorphic, exhibiting coccoid bod- 
ies, ring forms, and branched filaments. Motility for this 
species has not been assessed. Growth on solid medium 
produces colonies with the typical fried-egg appearance. 
Grows well in SP-4 or Hayflick medium at 37°C. 

Probable commensal; attempts to produce disease experi- 
mentally have been unsuccessful (Gourlay and Howard, 
1979). Mode of transmission has not been established. 

Source: isolated from the eyes of calves with conjunc- 
tivitis, the prepuce of clinically normal bulls, and from 
in-market kale (Gourlay and Howard, 1979; Gourlay et al., 
1974; Somerson et al., 1982). 


GENUS I. MYCOPLASMA 


DNA G+C content (mol%): 27 (T). 


Type strain: 107, ATCC 27862, NCTC 10145. 
Sequence accession no. (16S rRNA gene): AF412989. 


116. Mycoplasma wenyonii (Adler and Ellenbogen 1934) 
Neimark, Johansson, Rikihisa and Tully 2002b, 683" 
(Eperythrozoon wenyonii Adler and Ellenbogen 1934, 220) 


we.ny.o'ni.i. N.L. masc. gen. n. wenyonii of Wenyon, named 
after Charles Morley Wenyon (1878-1948), an investigator 
of these organisms. 


Cells are coccoid. Motility for this species has not been 
assessed. This species has not been grown on any artificial 
medium; therefore, notable biochemical parameters are 
not known. 

Pathogenic; causes anemia and subsequent lameness and/ 
or infertility in cattle. Transmission is primarily vector-mediated 
by Dermacentor andersoniand reportedly can also occur vertically 
during gestation. Oxytetracycline is an effective therapeutic 
agent (Montes et al., 1994). Mycoplasma wenyonii is reported to 
share antigens with Mycoplasma ovis (Kreier and Ristic, 1963), 
potentially complicating serology-based diagnosis of infection. 

Source: observed in association with the erythrocytes of 
cattle; Kreier and Ristic (1968) reported in addition to 
erythrocytes an association with platelets. 
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DNA G+C content (mol96): not determined. 
Type strain: not established. 
Sequence accession no. (16S rRNA gene): AF016546. 


117. Mycoplasma yeatsii DaMassa, Tully, Rose, Pitcher, Leach 
and Cottew 1994, 483°” 


ye.at'si.i. N.L. masc. gen. n. yeaísii of Yeats, named after F.R. 
Yeats, an Australian veterinarian who was a co-isolator of 
the organism. 


Cells are coccoid and nonmotile. Colonies on agar have 
a fried-egg appearance. Grows well in SP-4 medium sup- 
plemented with glucose at 37°C. Formation of biofilms has 
been demonstrated (McAuliffe et al., 2006). 

Opportunistic pathogen; commensal of the ear canal of 
goats that has rarely been found in association with masti- 
tis and arthritis (DaMassa et al., 1991). The mode of trans- 
mission has not been established. 

Source: isolated from the external ear canals, retropha- 
ryngeal lymph node, nasal cavity, udders, and milk of 
goats. 

DNA G+C content (mol % ): 26.6 (T). 

Type strain: GIH, ATCC 51346, NCTC 11730, CIP 
105675. 

Sequence accession no. (16S rRNA gene): U67946. 


Species incertae sedis 


1. Mycoplasma coccoides (Schilling 1928) Neimark, Peters, 
Robinson and Stewart 2005, 1389" (Eperythrozoon coccoides 
Schilling 1928, 1854) 


coc.co’ides. N.L. masc. n. coccus (from Gr. masc. n. kokkos 
grain, seed) coccus; L. suff. -oides (from Gr. suff. eides, from 
Gr. n. eidos that which is seen, form, shape, figure), resem- 
bling, similar; N.L. neut. adj. coccoides coccus-shaped. 


Cells are coccoid. Motility for this species has not been 
assessed. This species has not been grown on artificial medium; 
therefore, notable biochemical parameters are not known. 

Pathogenic; causes anemia in wild and captive mice, and 
captive rats, hamsters, and rabbits. Transmission is believed 


to be vector-borne and mediated by the rat louse Polyplex 
spinulosa and the mouse louse Polyplex serrata. 

Neoarsphenamine and oxophenarsine were thought to 
be effective chemotherapeutic agents for treatment of Myco- 
plasma coccoides infection in captive rodents, whereas tetracy- 
clines are effective only at keeping infection at subclinical 
levels (Thurston, 1953). 

Source: observed in association with the erythrocytes of 
wild and captive rodents. 

DNA G+C content (mol % ): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AY171918. 


Species Candidatus 


1. “Candidatus Mycoplasma haematoparvum” Sykes, Ball, 
Bailiff and Fry 2005, 29 


ha.e.ma.to.par'vum. Gr. neut. n. haema, -atos blood; L. neut. 
adj. parvum small; N.L. neut. adj. haemoatoparvum small 
(mycoplasma) from blood. 


Source: blood of infected canines (Sykes et al., 2005). 

Host habitat: circulation of infected canines. 

Phylogeny: assignment to the hemoplasma cluster of 
the pneumoniae group of Mollicutes (Foley and Pedersen, 
2001). 

Cell morphology: wall-less; coccoid in shape. 

Optimum growth temperature: not applicable. 

Cultivation status: non-culturable. 

Sequence accession no. (16S rRNA gene): AY854037. 


2. *Candidatus Mycoplasma haemobos" Tagawa, Matsumoto 
and Inokuma 2008, 179 


ha.e.mo'bos. Gr. neut. n. haema blood; L. n. bosan ox, a bull, a 
cow; N.L. n. haemobos (sic) intended to mean of cattle blood. 


Source: blood of infected cattle. 

Host habitat: blood of cattle. 

Phylogeny: assignment to the hemoplasma cluster of the 
pneumoniae group of the genus Mycoplasma. 

Cultivation status: non-culturable. 

Cell morphology: wall-less; coccoid in shape. 

Optimum growth temperature: not applicable. 

Sequence accession no. (16S rRNA gene): EF460765. 

Further comment: this organism is synonymous with “Candidatus 
Mycoplasma haemobovis” (sequence accession no. EF616468). 
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3. “Candidatus Mycoplasma haemodidelphidis” 


Messick, 
Walker, Raphael, Berent and Shi 2002, 697 


ha.e.mo.di.del'phi.dis. Gr. neut n. haema blood; N.L. fem. 
gen. n. didelphidis of the opossum; N.L. gen. n. haemodidel- 
phidis of opossum blood. 


Source: blood of an infected opossum. 

Host habitat: circulation of an infected opossum. 

Phylogeny: assignment to the hemoplasma cluster of the 
pneumoniae group of mollicutes (Messick et al., 2002). 

Cultivation status: non-culturable. 

Cell morphology: wall-less; coccoid in shape. 

Optimum growth temperature: not applicable. 

Sequence accession no. (168 rRNA gene): AF178676. 


. “Candidatus Mycoplasma haemolamae” Messick, Walker, 
Raphael, Berent and Shi 2002, 697 


ha.e.mo.la’ma.e. Gr. neut n. haema blood; N.L. gen. n. lamae 
of the alpaca; N.L. fem. gen. n. haemolamae of alpaca blood. 


Source: blood of infected llamas. 

Host habitat: circulation of infected llamas (McLaughlin 
etal., 1991). 

Phylogeny: assignment to the hemoplasma cluster of the 
pneumoniae group of mollicutes (Messick et al., 2002). 

Cultivation status: non-culturable. 

Cell morphology: wall-less; coccoid in shape. 

Optimum growth temperature: not applicable. 

Sequence accession no. (16S rRNA gene): AF306346. 


. “Candidatus Mycoplasma haemominutum” Foley and 
Pedersen 2001, 817 


ha.e.mo.mi'nu.tum. Gr. neut n. haema blood; L. neut. part. 
adj. minutum small in size; N.L. neut. adj. haemominutum 
small (mycoplasma) from blood. 


Source: blood of infected felines (George et al., 2002; 
Tasker et al., 2003). 

Host habitat: circulation of infected felines. 

Phylogeny: assignment to the hemoplasma cluster of the 
pneumoniae group of mollicutes (Foley and Pedersen, 
2001). 

Cultivation status: non-culturable. 

Cell morphology: wall-less; coccoid in shape; 300-600 nm in 
diameter. 

Optimum growth temperature: not applicable. 

Sequence accession no. (16S rRNA gene): U88564. 


. “Candidatus Mycoplasma kahaneii” Neimark, Barnaud, 
Gounon, Michel and Contamin 20022, 697 


ka.ha.ne'i.i. N.L. masc. gen. n. kahaneii of Kahane, named 
for I. Kahane. 


Source: blood of infected monkeys (Saimiri sciureus) 
(Michel et al., 2000). 

Host habitat: circulation of infected monkeys. 

Phylogeny: assignment to the hemoplasma cluster of 
the pneumoniae group of mycoplasmas (Neimark et al., 
20022). 

Cultivation status: non-culturable. 

Cell morphology: wall-less; coccoid in shape. 

Optimum growth temperature: not applicable. 

Sequence accession no. (16S rRNA gene): AF338269. 
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7. “Candidatus Mycoplasma ravipulmonis" Neimark, Mitchel- 


more and Leach 1998, 393 


ra.vi.pul.mo’nis. L. adj. ravus grayish; L. n. pulmo, -onis the 
lung; N.L. gen. n. ravipulmonis of a gray lung. 


Source: lung tissue of mouse with respiratory infection 
(gray lung disease). 

Host habitat: respiratory tissue of mice with pneumonia. 

Phylogeny: forms a single species line in the hominis group 
of mollicutes (Neimark et al., 1998; Pettersson et al., 2000). 

Cultivation status: non-culturable. 

Cell morphology: wall-less; coccoid in shape; 650 nm in 
diameter. 

Optimum growth temperature: not applicable. 

Sequence accession no. (16S rRNA gene): AF001173. 


. “Candidatus Mycoplasma turicensis” Willi, Boretti, Baum- 


gartner, Tasker, Wenger, Cattori, Meli, Reusch, Lutz and 
Hofmann-Lehmann 2006, 4430 


tu.ri.cen'sis. L. masc. (sic) adj. turicensis pertaining to Turi- 
cum, the Latin name of Zurich, the site of the organism's 
initial detection. 


Source: blood of infected domestic cats. 

Host habitat: blood of domestic cats. 

Phylogeny: assignment to the hemoplasma cluster of the 
pneumoniae group of the genus Mycoplasma. 

Cultivation status: non-culturable. 

Cell morphology: wall-less; coccoid in shape. 

Optimum growth temperature: not applicable. 

Sequence accession no. (16S rRNA gene): DQ157150. 


The following proposed species has been incidentally 
cited, but the putative organism remains to be established 
definitively and the name has no standing in nomenclature. 


. “Candidatus Mycoplasma haemotarandirangiferis" Stoff- 


regen, Alt, Palmer, Olsen, Waters and Stasko 2006, 254 


ha.e.mo.ta.ran.di.ran.gi'fe.ris. Gr. neut n. haema blood; 
Rangifer tarandus scientific name of the reindeer; N.L. gen. n. 
haemotarandirangiferis epithet intended to indicate occur- 
rence in blood of reindeer. 


Source: blood of reindeer. 

Host habitat: blood of reindeer. 

Phylogeny: partial 16S rRNA gene sequences suggest possi- 
ble relationships to Mycoplasma ovis and Mycoplasma wenyonii 
(suis cluster), and/or to Mycoplasma haemofelis (haemofelis 
cluster). 

Cultivation status: non-culturable. 

Cell morphology: single punctate, chaining punctate, clus- 
tering punctate, single bacillary, chaining bacillary, single 
rings, chaining rings, and clustering rings. 

Optimum growth temperature: not applicable. 

Sequence accession nos (168 rRNA gene): DQ524812- 
DQ524818. 

Further comment: sequence accession no. DQ524819, rep- 
resenting clone 107LSIA (Stoffregen et al., 2006), does not 
support assignment of that clone to the genus Mycoplasma 
because it is most similar to 16S rRNA genes of Fusobacte- 
rium spp. Several different partial 16S rRNA gene sequences 
obtained from other clones are too variable to establish their 
coherence as a species. 


GENUS II. UREAPLASMA 
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Other organisms 


1. “Mycoplasma insons” May, Ortiz, Wendland, Rotstein, 

Relich, Balish and Brown 2007, 298 
in'sons. L. neut. adj. insons guiltless, innocent. 

Source: trachea and choanae of a healthy green iguana 
(Iguana iguana). 

Host habitat: respiratory tract and blood of green iguanas 
(Iguana iguana). 

Phylogeny: assignment to the Mycoplasma fastidiosum cluster 
of the pneumoniae group of the genus Mycoplasma. 

Cultivation status: cells are culturable in SP-4 medium sup- 
plemented with glucose. 

Cell morphology: pleomorphic, but many have a highly atypi- 
cal shape for a mycoplasma, often resembling a twisted rod. 

Optimum growth temperature: 30°C. 

Sequence accession no. (16S rRNA gene): DQ522159. 


2. “Mycoplasma sphenisci” Frasca, Weber, Urquhart, Liao, 
Gladd, Cecchini, Hudson, May, Gast, Gorton and Geary 
2005, 2979 


sphe.nis'ci. N.L. gen. n. sphenisci of Spheniscus, the genus of 
penguin that includes the jackass penguin (Spheniscus dem- 
ersus) from which this mycoplasma was isolated. 


Source: choanae of a jackass penguin (Spheniscus demersus) 
with choanal discharge and halitosis. 

Host habitat: upper respiratory tract of the jackass pen- 
guin. 

Phylogeny: assignment to the Mycoplasma lipophilum cluster 
of the hominis group of the genus Mycoplasma. 

Cultivation status: cells are culturable in Frey's medium 
supplemented with glucose. 

Cell morphology: pleomorphic; some cells exhibit terminal 
structures. 

Optimum growth temperature: 37°C. 

Sequence accession no. (168 rRNA gene): AY756171. 


3. *Mycoplasma vulturis" corrig. Oaks, Donahoe, Rurangirwa, 
Rideout, Gilbert and Virani 2004, 5911 


vul.tu'ri.i. L. gen. n. vulturis of a vultures, named for the host 
animal (Oriental white-backed vulture). 


Source: lung and spleen tissue of an Oriental white-backed 
vulture. 

Host habitat: upper and lower respiratory tract of Oriental 
white-backed vulture, where it replicates intracellularly. 

Phylogeny: assignment to the Mycoplasma neurolyticum clus- 
ter of the hominis group of the genus Mycoplasma. 

Cultivation status: cells can be grown in co-culture with 
chicken embryo fibroblasts, but have not been grown in 
pure ¿n vitro culture. 

Cell morphology: coccoid; cells display intracellular vacuoles 
and intracellular granules of electron-dense material. 

Optimum growth temperature: 37°C. 

Sequence accession no. (16S rRNA gene): AY191226. 


4. *Mycoplasma zalophi" Haulena, Gulland, Lawrence, Fauquier, 
Jang, Aldridge, Spraker, Thomas, Brown, Wendland and 
Davidson 2006, 43 


za.lo'phi. N.L. gen. n. zalophi of Zalophus, the genus of sea 
lion that includes the California sea lion (Zalophus califor- 
nianus) from which this mycoplasma was isolated. 


Source: subdermal abscesses of captive sea lions. 

Host habitat: subdermal and intramuscular abscesses, 
joints, lungs, and lymph nodes of captive sea lions. 

Phylogeny: assignment to the Mycoplasma hominis cluster of 
the hominis group of the genus Mycoplasma. 

Cultivation status: cells are culturable in SP-4 medium sup- 
plemented with glucose. 

Cell morphology: not yet described. 

Optimum growth temperature: 37°C. 

Sequence accession no. (16S rRNA gene): AF493545. 


Genus Il. Ureaplasma Shepard, Lunceford, Ford, Purcell, Taylor-Robinson, Razin and Black 1974, 167^- 


JANET A. ROBERTSON AND DAvID TAYLOR-ROBINSON 


U.re.a.plas'ma. N.L. fem. n. urea urea; Gr. neut. n. plasma anything formed or moulded, image, figure; N.L. 


neut. n. Ureaplasma urea form. 


Coccoid cells about 500 nm in diameter; may appear as coc- 
cobacillary forms in exponential growth phase; filaments are 
rare. Nonmotile. Facultative anaerobes. Form exceptionally 
small colonies on solid media that are described either as tiny 
(T) *fried-egg" colonies or as “cauliflower head" colonies hav- 
ing a lobed periphery. Unusual pH required for growth (about 
6.0-6.5). Optimal incubation temperature for examined spe- 
cies is 35-37°C. Chemo-organotrophic. Like Mycoplasma, species 
of Ureaplasma lack oxygen-dependent, NADH oxidase activity. 
Unlike Mycoplasma, species of Ureaplasma lack hexokinase or 
arginine deiminase activities but have a unique and obligate 
requirement for urea and produce potent ureases that hydro- 
lyze urea to CO, and NH, for energy generation and growth. 
Genome sizes range from 760 to 1170 kbp (PFGE). Commensals 
or opportunistic pathogens in vertebrate hosts, primarily birds 
and mammals (mainly primates, ungulates, and carnivores). 


DNA G+C content (mol % ): 25-32 (Bd, T). 

Type species: Ureaplasma urealyticum Shepard, Lunceford, 
Ford, Purcell, Taylor-Robinson, Razin and Black 1974, 167 
emend. Robertson, Stemke, Davis, Harasawa, Thirkell, Kong, 
Shepard and Ford 2002, 593. 


Further descriptive information 


Although cellular diameters as small as 100 nm and as large 
as 1000 nm, and minimal reproductive units of about 330 nm 
in diameter have been reported (Taylor-Robinson and Gourlay, 
1984), published thin sections of these organisms (trivial name, 
ureaplasmas) show diameters only as large as 450-500 nm. The 
exceptions are feline ureaplasmas with thin section diameters 
of up to 800 nm (Harasawa et al., 1990a). Morphometric analy- 
sis of cells of the type strain of Ureaplasma urealyticum fixed in 
the exponential phase of growth showed coccoid cells with 
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diameters of about 500 nm (Robertson et al., 1983). Similar 
cellular diameters have been seen in hemadsorption studies in 
which cells were pre-fixed during incubation before usual fixa- 
tion for electron microscopy. Reports of budding and filamen- 
tous forms probably reflect the effect of cultural and handling 
conditions on these highly plastic cells. Although the sequence 
of the Ureaplasma parvum genome lacks any recognizable FisZ 
genes (Glass et al., 2000), ureaplasmas appear to reproduce by 
binary fission. Because of their minute size, ureaplasma cells 
are rarely seen by light microscopy. Although they are of the 
Gram-stain-positive lineage, the lack of cell wall results in the 
organisms appearing Gram-stain-negative. They are more easily 
detected if stained with crystal violet alone. Electron micro- 
graphs have indicated hair-like structures, possibly pili, 5-8 nm 
long, radiating from the membrane (Whitescarver and Furness, 
1975). An extramembranous capsule was expected from light 
microscopic studies. In cytochemical studies, a carbohydrate- 
containing, capsular structure has been demonstrated in a 
strain of Ureaplasma urealyticum (Robertson and Smook, 1976; 
Figure 110). The structure is a lipoglycan that has also been 
demonstrated on the type strain T9607 of Ureaplasma urealyticum 
and on a serovar 3 strain of Ureaplasma parvum, the lipoglycan 
composition was strain-variable (Smith, 1986). No viruses have 
been seen nor has viral or plasmid nucleic acid been reported 
in any ureaplasma. 

Ureaplasma colonies are significantly smaller in diameter 
(<10-175 nm) than those of Mycoplasma species (300-800 nm; 
Figure 110). For this reason, they were first described as “tiny 
(T) form PPLO (pleuropneumonia-like organisms) colonies” 
(Shepard, 1954) and later called T-mycoplasmas (Meloni et al., 
1980; Shepard et al., 1974). Cultures on solid media may grow 
in air, but more numerous and larger colonies result in 5-15% 
CO, in N, or H, (Robertson, 1982). Colonies of many strains 
are detectable after overnight incubation and reach maximum 
dimensions within 2 d. Isolates from ungulates may require 


a 
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longer incubation. Temperatures of 20-40*C are permissive for 
growth of examined strains, but their optimal incubation tem- 
peratures are 35-37°C (Black, 1973). Ureaplasma cultures in 
liquid media are incubated aerobically with growth occurring 
in the bottom of the tube, as revealed by changes in the pH 
indicator. Mean generation times of 10 isolates from humans 
ranged from 50 to 105 min (Furness, 1975). Maximum titers 
of <10° organisms per ml of culture produce insufficient cell 
mass for detectable turbidity, precluding growth measurement 
by turbidometric or spectrophotometric methods. Growth is 
best measured by broth dilution methods (Ford, 1972; Rodwell 
and Whitcomb, 1983; Stemke and Robertson, 1982). When 
immediate estimation of populations is required, ATP lumi- 
nometry (Stemler et al., 1987) may be useful. An indicator sys- 
tem enhances colony detection and ureaplasma identification. 
Ammonia from urea degradation causes a rise in pH and cer- 
tain cations to form a golden to deep brown precipitate on the 
colorless colonies, making them visible when viewed by directly 
transmitted light. Initially, the urease spot test used a solution 
of urea and 1 mM Mn*' (as MnCl, or MnSO,) dropped onto 
agar (Shepard and Howard, 1970); later, Mn** was incorpo- 
rated into the agar itself to create a differential solid medium 
(e.g., Shepard, 1983). However, Mn* is toxic for ureaplasmas 
(Robertson and Chen, 1984). Equimolar CaCl, (Shepard and 
Robertson, 1986) gave a similar response, but allowed the recov- 
ery of live cells. Manganese susceptibility has taxonomic value 
(Table 138); animal isolates show differing responses (Stemke 
et al., 1984; Stemler et al., 1987). 

Ureaplasma urealyticum has some elements of the glyco- 
lytic cycle and pentose shunt (Cocks et al., 1985), but can- 
not degrade glucose and lacks arginine deiminase (Woodson 
et al., 1965). Instead, ureaplasmas have a unique and absolute 
requirement for urea (0.4-1.0 mM) and a slightly acidic envi- 
ronment (pH 6.0-7.0); pH values outside this range can be 
associated with growth inhibition. The essential cytoplasmic 


FIGURE 110. Ureaplasma colonial size and cellular morphology. (a) Many isolated Ureaplasma urealyticum colonies, 
accentuated by a urease spot test, surround a single large Mycoplasma hominis colony on a solid genital mycoplasma 
(GM) agar surface. Colonies of Ureaplasma urealyticum commonly have diameters of 15-125 um; the diameter of 
the Mycoplasma hominis colony shown is approximately 0.9 mm. (Reproduced with permission from Robertson 
et al., 1983. Sexually Transmitted Diseases 10 (October-December Suppl.): 232—239 O Lippincott Williams & Wilkins.) 
(b) Transmission electron micrograph of Ureaplasma urealyticum, serovar 4, strain 381/74 cells, showing coccoid 
morphology, extramembranous capsule stained with ruthenium red, lack of a cell wall, the single limiting mem- 
brane, and apparently simple cytoplasmic contents in which only ribosomes are clearly evident. Cell diameters 
were 485-585 nm. (Reproduced with permission from Robertson and Smook, 1976. Journal of Bacteriology 128: 


658-660.) 
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TABLE 138. Phenotypic characteristics that partition the human serovar-standard strains of ureaplasmas to Ureaplasma species* 


Characteristic 


U. urealyticum serovar 


U. parvum serovar Reference 


Isoelectric focusing and SDS-PAGE at pH 5.3 polypeptide 
patterns: 
Absent 
Present 
1-D SDS-PAGE T960" biovar band” 
Absent 
Present 
2-D SDS-PAGE: 
Biovar 1 pattern 
Biovar 2 pattern 
Growth inhibition by 1 mM Mn”: 
Temporary 
Permanent 
Polypeptide recognized by immunoblots: 
51 and 58 kDa 
47 kDa 
Biovar | pattern 
Biovar 2 pattern 
mAb UU8/ 39 recognition of membrane proteins: 
17 kDa only 
16/17 kDa 
mAb UU8/ 17 recognition of 72 kDa urease subunit: 
No 
Yes 8r 
mAb VB10 recognition of 72 kDa urease subunit: 
Yes 


2, 4, 5, 7, 8, 9, 11, 12 


2, 4, 8T 


Sayed and Kenny (1980) 


1,356 


2,4,5, 7, 8T 


Howard et al. (1981) 
1,356 


2,4,5, 7, 8T 


1,35 6, 14 Mouches et al. (1981) 
Swensen et al. (1983) 
Robertson and Chen (1984) 


1,375 6,14 


2, 4, 5, 7, 87, 9-12° 


1, 31, 6, 14 Horowitz et al. (1986) 


2, 4, 5, 7, 87, 9-13 


1,37 Lee and Kenny (1987) 


Thirkell et al. (1989) 
1, 37, 6,14 


2, 4, 5, 7, 87, 9-13 


Thirkell et al. (1990) 
1,356, 14 


MacKenzie et al. (1996) 
1, 37, 6, 14 


No 2, 4, 5, 7, 87, 9-13 


Urease dimorphism: 
Lower MW 
Higher MW 
Pyrophosphatase dimorphism: 
Lower MW 
Higher MW 
Diaphorase bands dimorphism: 
Inapparent 
Apparent 


Davis et al. (1987) 
1, 37, 6, 14 


2, 4, 5, 7, 87, 9-13 


Davis and Villanueva (1990) 
1,35 6, 14 


2, 4, 5, 7, 87, 9-13 


Davis and Villanueva (1990) 
1,35 6, 14 


2, 4, 5, 7, 87, 9-13 


*T, Type strain of species. 


^]-D, One-dimensional; 2-D, two-dimensional. 


‘Serovar 13 gave an intermediate response and was excluded from the initial partition scheme. 


“Hyperimmune rabbit sera and acute and convalescent sera from women with postpartum fever. 


urease, comprising three subunits (Blanchard, 1990), pro- 
duces a transmembrane potential, which leads to ATP syn- 
thesis (Romano et al., 1980; Smith et al., 1993). Ureaplasma 
dependence upon catalysis of urea for energy is the basis 
of growth inhibition by the urease inhibitor hydroxamic 
acid and its derivatives (Ford, 1972) and by fluorofamide 
(Kenny, 1983). The proton pump inhibitor lansoprazole and 
its metabolites interfere with ATP synthesis at micromolar 
concentrations (Nagata et al., 1995). Their small genomes 
make ureaplasmas dependent upon the host for amino acids, 
amino acid precursors, lipids, and other growth components. 
Ureaplasmas from humans exhibit minimal levels of acetate 
kinase activity (Muhlrad et al., 1981). Like other Mycoplasmata- 
ceae, ureaplasmas make superoxide dismutase (O'Brien et al., 
1983), but, unlike the rest of this family, oxygen-dependent 
NADH oxidase has not been detected (Masover et al., 1977). 
The Ureaplasma parvum genome sequence includes genes for 
six hemin and/or Fe* transporters which are believed to be 
related to respiration (Glass et al., 2000). For information 


on additional physiological traits, see: Black (1973); Shepard 
et al., (1974); Shepard and Masover (1979); Taylor-Robinson 
and Gourlay (1984); and Pollack (1986). 

Except for the obligatory requirements for supplementary 
urea and lower pH, ureaplasma growth requirements are simi- 
lar to those of members of the genus Mycoplasma. The sterol 
requirement is met by horse, bovine, or fetal bovine serum. 
Because heat-sensitive pantothenic acid is a growth factor sup- 
plied by serum (Shepard and Lunceford, cited by Shepard and 
Masover, 1979), the serum supplement should not be “inacti- 
vated" by heating to reduce complement activity. The effect of 
yeast extract is variable, perhaps depending upon the particular 
strain requirements or the batch of extract. Other defined addi- 
tives have been reported to enhance growth but, in the absence 
of a defined medium, evaluation is difficult. Dependence on 
sterols for the integrity of the cell membrane renders ureaplas- 
mas susceptible to digitonin and certain antifungal agents, but 
most strains tolerate the polyene nystatin (50 U/ml) that pre- 
vents overgrowth by yeasts. 
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Information about ureaplasma genetics is now abundant. The 
genomes of 26 strains of Ureaplasma, imcluding six of the seven 
named species and six unnamed strains, range in size from 760 
to 1170 kbp (Kakulphimp et al., 1991; Robertson et al., 1990). 
The largest genome belongs to Ureaplasma felinum. The G+C 
content of ureaplasmal DNA is in the range 25.5-31.6 mol%, 
which is lower than that for other Mollicutes and for all other 
prokaryotes, greatly limiting the degeneracy in the genetic code 
of ureaplasmas. For the type strain of Ureaplasma urealyticum, 
UGA is a codon for tryptophan (Blanchard, 1990). The entire 
sequences of the genomes of two strains of Ureaplasma parvum 
serovar 3 (formerly known as Ureaplasma urealyticum biovar 1; 
Glass et al., 2000) have been determined. At 752 kbp, the organ- 
isms share with other obligate symbions, such as Mycoplasma 
genitalium (580 kbp) and Buchnera aphidicola (641 kbp), greatly 
reduced genomes. Of 641—658 total genes, 32-39 code for struc- 
tural RNAs and about 610 code for proteins, about 47% of which 
have been classified as hypothetical genes of unknown function. 
Some (19%) resemble genes present in other genomes, but many 
(28%) appear unique. Unexpectedly absent in the Ureaplasma 
parvum genome are recognizable genes for FtsZ, for the GroEl 
and GroES chaperones, and for ribonucleoside-diphosphate 
reductase. Attempts have been made to reconcile the anomalies 
of gene functions assigned to this serovar of Ureaplasma parvum 
with the activities and pathways found in various ureaplasmas 
of humans (Glass et al., 2000; Pollack, 2001). One limitation to 
such analysis is that most of the physiological data that has been 
accumulated pertain not to Ureaplasma parvum but instead to 
the type species, Ureaplasma urealyticum strain T960", possess- 
ing a 7% larger genome. The entire sequences of the genomes 
of Ureaplasma urealyticum serovars 8 and 10 (Glass et al., 2000, 
2008) have also been determined and the genomes of the type 
strains of all remaining Ureaplasma urealyticum and Ureaplasma 
parvum serovars are nearly completely annotated (Glass et al., 
2008). Preliminary comparisons found that in addition to “core” 
and *dispensable" genomes for each species, Ureaplasma urealyti- 
cum had partly duplicated multiple-banded antigen (mba) genes 
(Kong et al., 1999a, 2000), and up to twice the number of genes 
that Ureaplasma parvum has for lipoproteins. Such comparisons 
are expected to substantially improve understanding of ure- 
aplasmal pathogenicity and differential strain virulence. 

Clinical studies based entirely on qualitative assessments of 
ureaplasmas are often difficult to interpret and only a few inves- 
tigators have presented quantitative data (Bowie et al., 1977; 
De Francesco et al., 2009; Heggie et al., 2001; Taylor-Robinson 
et al., 1977). Factors such as hormonal levels, specific genetic 
attributes, and even socio-economic conditions may encour- 
age urogenital colonization and proliferation. Nevertheless, 
it is clear that ureaplasmas are commensals that, on occasion, 
contribute to disease in susceptible human hosts. Infections 
attributed to ureaplasmas are often associated with an immu- 
nological component (Bowie et al., 1977), including the subset 
of the human population with common variable hypogam- 
maglobulinemia (Cordtz and Jensen, 2006; Furr et al., 1994; 
Lehmer et al., 1991; Webster et al., 1978), in which ureaplasma- 
induced septic arthritis and occasionally persistent ureaplasmal 
urethritis is seen (Taylor-Robinson, 1985). Sexually acquired, 
reactive arthritis is usually linked to Chlamydia trachomatis, but 
immunological evidence of ureaplasmal involvement exists 
(Horowitz et al., 1994). Through urea metabolism, ureaplasmas 
can induce crystallization of struvite and calcium phosphates 
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in urine in vitro and produce urinary calculi in animal models 
(Reyes et al., 2009). They are found in patients with infection 
stones more often than in those with metabolic stones (Grenabo 
et al., 1988). A statistical association with infection stones has 
been made (Kaya et al., 2003). 

Evidence for the association of ureaplasmas with acute 
nongonococcal urethritis in men has been controversial, but 
a significant association of Ureaplasma urealyticum (but not Ure- 
aplasma parvum) with this disease in two of three recent studies 
suggests a way forward to resolving this issue. Evidence for a 
role for ureaplasmas in acute epididymitis is, at the most, mea- 
ger and it is very unlikely that they have a role in chronic prosta- 
titis. Ureaplasmas have been associated with bacterial vaginosis 
and pelvic inflammatory disease, but are unlikely to be causal in 
either condition. It follows, therefore, that there is no convinc- 
ing evidence to implicate ureaplasmas as an important cause 
of infertility in men or in couples. The most convincing data 
relating ureaplasmas to poor pregnancy outcomes have been 
seen when the organisms have been detected in amniotic fluid 
prior to membrane rupture, but there are conflicting opinions 
about the role of Ureaplasma urealyticum vs Ureaplasma parvum. 
Data since the 1980s have supported the association of neonatal 
ureaplasma infection with chronic lung disease and sometimes 
death in very low birth-weight infants. The ability of Ureaplasma 
parvum to induce chorioamnionitis and to contribute to pre- 
term labor and fetal lung injury is supported by experimental 
studies in rhesus monkeys (Novy et al., 2009). 

Information on the range of animal species infected with 
ureaplasmas and their geographic distribution is patchy, possi- 
bly because ureaplasmas are largely avirulent or, at least, not an 
economic threat. Isolations have been reported from squirrel, 
talapoin, patas, macaque and green monkeys; as well as mar- 
mosets and chimpanzees (Taylor-Robison and Gourlay, 1984). 
Also, there are reports of isolation from domestic dogs, raccoon 
dogs, cats and mink; cattle, sheep, goats, and camels; chickens 
and other fowl; and swine (the latter needing confirmation). 
Baboons, rats and mice are susceptible to experimental infec- 
tion with ureaplasmas. While Ureaplasma diversum can inhabit all 
mucosal membranes of cattle, the two natural diseases it causes 
are subclinical respiratory infections in young calves, which 
occasionally develop into bronchopneumonia, and the eco- 
nomically important urogenital infections transmitted by bulls 
or their semen. The latter present as vulvovaginitis or ascend 
to cause infertility or abortion (Ruhnke et al., 1984; ter Laak 
et al., 1993). A species-specific PCR assay (Vasconcellos Cardosa 
et al., 2000) can circumvent culture insensitivity. As in humans, 
ureaplasmal diseases in animals may be influenced by the par- 
ticular ureaplasma strain or many other factors. Although ure- 
aplasmas may be present initially in certain organ and primary 
cell cultures, the lack of urea and higher pH in most eukaryotic 
cell culture systems would discourage persistence. 

Although the spectrum of diseases of primary ureaplasmal 
etiology remains controversial, many potential virulence factors 
have been identified. Structural elements include a capsule, 
pilus-like fibrils, and the antigens of the outer membrane that 
constitute the serovar determinants. Erythrocytes from several 
animal species adhere firmly to colonies of certain strains of 
Ureaplasma parvum (Shepard and Masover, 1979), but most 
human isolates exhibit transient or no binding (Robertson 
and Sherburne, 1991). Strains of both Ureaplasma urealyticum 
and Ureaplasma parvum adhere to HeLa cells (Manchee and 
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Taylor-Robinson, 1969) and to spermatozoa (Knox et al., 
2003). Demonstration of beta-hemolysis of erythrocytes by ure- 
aplasmal products depends upon several variables; hemolysis 
of guinea pig erythrocytes has been most consistently observed 
(Black, 1973; Manchee and Taylor-Robinson, 1970; Shepard, 
1967). Manchee and Taylor-Robinson (1970) described hemo- 
lysis of homologous erythrocytes by a canine ureaplasma as per- 
oxide-associated and blocked lysis by adding catalase, except in 
the presence of a catalase inhibitor. Genome sequencing has 
revealed genes resembling those for the hemolysins HlyA and 
HlyC of enterohemorrhagic Escherichia coli (Glass et al., 2000). 
Ammonia and ammonium ions generated by urea hydrolysis 
and the alkaline environment that they create are inhibitory 
to the ureaplasmas (Ford and MacDonald, 1967; Shepard and 
Lunceford, 1967). They have well-established deleterious effects 
on eukaryotic cell and mammalian tissue cultures and may be 
the “toxin” described but never substantiated (Furness, 1973). 
An IgAI protease activity has been demonstrated by ureaplas- 
mas from both humans and canines. Human IgA1-specific pro- 
tease activity, apparently similar to the type 2 serine protease of 
certain bacterial pathogens of humans (Spooner et al., 1992), is 
produced by both Ureaplasma parvum and Ureaplasma urealyticum 
(Kilian et al., 1984; Robertson et al., 1984), but a gene responsi- 
ble for the activity has not yet been identified. Putative phopho- 
lipase A,, A,, and C activities (De Silva and Quinn, 1986) could 
not be confirmed, nor could such gene sequences be identified 
(J. Glass, unpublished). Biofilm production has been described 
recently (García-Castillo et al., 2008). Ureaplasmas have been 
seen intracellularly during studies in cell cultures (Mazzali 
and Taylor-Robinson, 1971), but may be there transiently after 
phagocytosis. Cells in culture (Li et al., 2000), in either experi- 
mental infection models (Moss et al., 2008) or epidemiological 
study subjects (Buss et al., 2003; Dammann et al., 2003; Jacobs- 
son et al., 2003; Shobokshi and Shaarawy, 2002), have exhibited 
proinflammatory responses. While assessment of clinical studies 
is sometimes difficult because of inherent reporting bias (Klas- 
sen et al., 2002; Schelonka et al., 2005), it is anticipated that 
the application of bioarray technologies will lead to improved 
understanding of ureaplasmal mechanisms of pathogenesis. 
Reviews of in vitro methodologies used for antimicrobial 
susceptibility testing for both human (Bébéar and Robertson, 
1996; Waites et al., 2001) and animal (Hannan, 2000) isolates 
are available. Antimicrobial susceptibility patterns of Ureaplasma 
urealyticum and. Ureaplasma parvum appear to be similar (Matlow 
et al., 1998). The choice of therapeutic agents active against 
them is limited. Tetracyclines or the macrolides (excluding lin- 
comycin and clindamycin) are the bacteriostatic agents usually 
employed. Ureaplasmas from human, simian, bovine, caprine, 
feline, and avian sources (Koshimizu et al., 1983) withstand 
relatively high levels of lincomycin (10 ug/ml), to which most 
mycoplasmas are susceptible. Ureaplasmas also show in vitro 
resistance to rifampin and sulfonamides. Clinical resistance of 
ureaplasmas to tetracyclines has been long known (Ford and 
Smith, 1974). This high-level resistance is determined by the 
presence of the tetM determinant (Roberts and Kenny, 1986), 
which is now readily identified by PCR (Blanchard et al., 1997). 
Tetracycline-resistant strains exposed to a variety of antibiot- 
ics demonstrate a broad range of responses (Robertson et al., 
1988). Clinical resistance to macrolides has also been reported 
(e.g., Taylor-Robinson and Furr, 1986). Certain aminoglyco- 
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sides, chloramphenicol, and newer fluoroquinolones inhibit 
ureaplasmas, but are inappropriate for broad clinical use. Fluo- 
roquinolone resistance is increasing (Xie and Zhang, 2006) and 
has been found in a previously susceptible strain (Duffy et al., 
2006). Ureaplasma strains exhibiting resistance to multiple anti- 
biotics have been found in immunocompromised hosts. In one 
case, the isolates were of the same serovar, but exhibited differ- 
ent susceptibility patterns at different anatomical sites (Lehmer 
et al., 1991). Because of ongoing changes in antimicrobial sus- 
ceptibility patterns, the recent literature should be consulted 
(e.g., Beeton et al., 2009). To treat natural Ureaplasma diversum 
infections, tiamulin hydrogen fumarate, a diterpene agent in 
common use in veterinary medicine, may be at least as effective 
as the macrolide tylosin (Stipkovits et al., 1984). Others have 
examined the efficacy of single or combinations of antibiotics 
in eradicating ureaplasmas from various sites in cattle as well 
as from semen used for artificial insemination (ter Laak et al., 
1993). The urease inhibitor, fluorofamide, has been used with 
varying success in eliminating ureaplasmas from animals. 

When establishing antibiograms for ureaplasmas, the require- 
ments established for common bacterial pathogens do not suf- 
fice. First, medium components may affect antibiotic activity. 
For instance, serum-binding reduces tetracycline activity, while 
the initial acidic culture reduces macrolide activity against ure- 
aplasmas (Robertson et al, 1981). Conventional bacteria of 
established, low-level susceptibility can be used to measure the 
effect of the ureaplasmal medium on a particular antimicro- 
bial agent. Second, the relatively slow growth of ureaplasmas 
as compared with many pathogenic bacteria requires that the 
half-life of the antibiotic be considered when test inoculum and 
incubation period are established. Lastly, the end points of the 
sensitivity tests on agar are about four-fold lower than for tests 
in broth (Waites et al., 1991). On consideration of the in vivo 
environment in which these organisms naturally occur, inter- 
pretation of susceptibility test end points continues to present 
a challenge. An international subcommittee under the aegis 
of the National Committee for Clinical Laboratory Standards 
Institute (USA) is currently finalizing a *Final Report for Devel- 
opment of Quality Control Reference Standards and Methods 
for Antimicrobial Susceptibility Testing" for Ureaplasma and 
Mycoplasma species infecting humans that have demonstrated 
variability in response to antimicrobial agents. 


Enrichment and isolation procedures 


Media formulations in current use for the cultivation of 
ureaplasmas from human sources include, in order of decreasing 
supplementation: the 10B broth of Shepard and Lunceford 
(Shepard, 1983); Taylor-Robinson's broth (Taylor-Robinson, 
1983a), made without thallium acetate; and bromothymol blue 
broth (Robertson, 1978). Ureaplasmas are exquisitely sensitive to 
thallium acetate and it should not be used to inhibit other bacte- 
ria. The U4 formulation for ungulate isolates was developed by 
Howard et al. (1978). Consult Waites et al. (1991) for additional 
media formulations for isolation from humans, and Shepard 
(1983), Livingston and Gauer (1974), or Hannan (2000) for iso- 
lation from animals. The quality of medium components may be 
as important as the medium formulation. Serum supplements 
should be tested for their ability to support growth of the ure- 
aplasmas of interest. Liquid medium may be stored at -20°C until 
required. Transport medium (e.g., 2SP) should be free of antibi- 
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otics inhibitory to ureaplasmas. Broth cultures should be diluted 
to 21:100 to reduce effects of any growth inhibitors present in the 
specimen. In general, Ureaplasma parvum is less demanding nutri- 
tionally than Ureaplasma urealyticum and isolates from human and 
other animal sources together are less demanding than those 
from ungulate hosts. Agar surfaces are examined at >40x magni- 
fication. The less fastidious strains (e.g., Ureaplasma parvum type 
strain) are more likely to produce recognizable “fried-egg” colo- 
nies than are the more fastidious strains (e.g., Ureaplasma urealyti- 
cum type strain), which are more likely to produce *cauliflower 
head" or core colonies. Cultures may be thrice cloned and the 
resultant culture used to initiate stocks. 


Maintenance procedures 


Broth cultures of ureaplasmas commonly become sterile within 
12-24 h incubation at 35-37°C. “Red is dead" was the mantra of 
Shepard in regard to his phenol red-containing broth medium. 
One way to lessen this problem is to change to an indicator that 
changes color at a lower pH (Robertson, 1978). To Shepard's 
mantra we might add, “the higher the urea concentration, the 
steeper the death phase", an effect not countered by buffer. Incu- 
bation of diluted cultures at 30-34^C slows growth and main- 
tains viability for up to 1 week, reducing the frequency of culture 
transfer and helping in transport. Short exposure of broth cul- 
tures to refrigeration reduces viability. Cells within colonies on 
solid medium may be recovered for approximately 1 week if the 
cultures are removed from incubation when growth is detect- 
able and stored under cool, humidified conditions. For long- 
term storage, ultra-low temperatures (—80°C or liquid nitrogen) 
with a cryoprotectant [e.g., 10-20% (v/v) sterile glycerol] can 
maintain viability for well over a decade. For lyophilization, the 
pellets from broth cultures centrifuged at high speed are resus- 
pended in a minimal volume of liquid medium or the serum 
used for its supplementation before processing; on reconstitu- 
tion, urease activity occasionally is not immediately evident. 


Differentiation of the genus Ureaplasma from other genera 


Properties that partially fulfill criteria for assignment to the 
class Mollicutes (Brown et al., 2007) include absence of a cell 
wall, filterability, and the presence of conserved 16S rRNA 
gene sequences. Aerobic or facultatively anaerobic growth in 
artificial media and the necessity for sterols for growth exclude 
assignment to the genera Anaeroplasma, Asteroleplasma, Achole- 
plasma, and “Candidatus Phytoplasma”. Non-spiral cellular mor- 
phology and regular association with a vertebrate host or fluids 
of vertebrate origin support exclusion from the genera Spiro- 
plasma, Entomoplasma, and Mesoplasma. The ability to hydrolyze 
urea, with the inability to metabolize either glucose or arginine, 
excludes assignment to the genus Mycoplasma. For routine pur- 
poses, the colonial morphology characteristic of ureaplasmas 
and demonstration of the isolate's ability to catabolize urea, 
using the urease spot test or indicator agar, suffice for prelimi- 
nary differentiation from other mollicutes. Other methods for 
urease detection have been largely replaced by PCRs that detect 
urease genes. 


Taxonomic comments 


The hypothetical evolutionary relationships of the Mollicutes 
have been based primarily upon 16S rRNA gene sequences 
(Weisburg et al., 1989). The nucleotide sequence for the 
16S rRNA genes (Kong et al., 1999b; Robertson et al., 1993; 
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Robertson et al., 1994) and the 16S—23S rRNA intergenic spacer 
regions of all named species plus the 14 serovars associated with 
humans (Ureaplasma urealyticum and Ureaplasma parvum) have 
been determined (Harasawa and Kanamoto, 1999; Kong et al., 
1999b). The genus Ureaplasma comprises two subclusters within 
the highly diverse pneumoniae group of the family Mycoplasma- 
taceae (Johansson, 2002). One subcluster contains the human, 
avian, and mink isolates and the other contains feline, canine, 
and bovine strains (see genus Mycoplasma Figure 109, pneumo- 
nia group) Although the three serovars A, B, and C of Ureaplasma 
diversum are antigenically heterogeneous, the strains examined 
meet the 70% DNA-DNA hybridization benchmark used as an 
arbitrary species criterion. However, the available DNA-DNA 
hybridization values suggest that Ureaplasma gallorale and Ure- 
aplasma canigenitalium might each represent more than a single 
species. The 16S rRNA gene sequences of ureaplasmas isolated 
from nonhuman primates and some less-studied vertebrates are 
unknown. The range of G+C contents of ureaplasmal DNA is 
too narrow to have much taxonomic utility. Nevertheless, the 
values for isolates from cattle, sheep, and goats are between 
28.7 and 31.6 mol% (Howard et al., 1978), at the higher end of 
the range for the genus. 

It is generally assumed that all ureaplasmas from avian 
sources belong to the species Ureaplasma gallorale. The seven 
avian isolates examined were similar to each other serologically 
and in SDS-PAGE, immunoblot, and RFLP profiles, and they 
were distinct from Ureaplasma urealyticum and Ureaplasma diver- 
sum, although resemblances between Ureaplasma gallorale and 
Ureaplasma urealyticum based upon one- and two-dimensional 
PAGE analyses have been reported (Mouches et al., 1981). How- 
ever, the DNA-DNA hybridization values among Ureaplasma gal- 
lorale strains fall into two clusters. Homology was 70-100% for 
the five strains within cluster A and 96-100% for the two strains 
within cluster B that were studied. Between strains of cluster 
A and B, homology was only 51-59% and, vice versa, 52-69% 
(Harasawa et al., 1985). The taxonomic status of avian ureaplas- 
mas, therefore, might benefit from examination of additional 
strains and reconsideration. The clusters appear to be more 
closely related than Ureaplasma urealyticum and Ureaplasma par- 
vum (Table 139). 

The taxonomy of ureaplasmas of canines is also problematic. 
The first report indicated G+C contents of 27.2-27.8 mol% 
(Bd; Howard et al., 1978). Later, the representatives of four 
serogroups (SI to SIV for strains DIM-C, D29M, D11N-A, and 
D6P-C', respectively) were reported to have G4C contents of 
28.3-29.4 mol% (HPLC). However, the published data regard- 
ing their DNA reassociation values are confusing. Initially, 
Barile (1986) and Harasawa et al. (1990b) reported that the 
serogroup SI representative, DIM-C, had 73% homology with 
the serotype 2 SII representative, D29M, indicating that these 
two strains likely belong to the same species. However, perhaps 
because of the borderline value, further work was undertaken, 
also using ['H]DNA-DNA hybridization procedures (Harasawa 
etal., 1993). The values obtained ranged from 41 to 63% homol- 
ogy among the four serogroups, i.e., each serogroup seemed to 
represent a distinct species. At present, the only named canine 
ureaplasma species is Ureaplasma canigenitalium; the SIV rep- 
resentative D6P-C' is the type strain (Harasawa et al., 1993). 
Its degree of distinctiveness from the other serogroups is not 
emphasized in the literature. 


TABLE 139. Genotypic characteristics that partition the serovar-standard strains of ureaplasmas isolated from humans to the level of species* 


Characteristic 


U. urealyticum serovars 


U. parvum serovars 


Reference(s) 


DNA-DNA relatedness with strain 271 DNA: 
91-102% 
38-60% 

DNA-DNA relatedness with strain T960" DNA: 
49-52% 
69-100% 

DNA-DNA relatedness with strain 27" DNA: 
75-100% 
38-57% 

DNA-DNA relatedness with strain T960" DNA: 
48-59% 
76-101% 

Cleavage of DNA by Fnu4HI: 
Yes 
No 

BamHI, Hind lil, and PstI RFLP probed with RNA genes: 
Biovar | pattern 
Biovar 2 pattern 

EcoRI and HindIII RFLP probed with RNA genes: 
Biovar | pattern 
Biovar 2 pattern 

Genome sizes determined by PFGE: 
~760 kbp 
840-1140 kbp 

Heterogeneity of alpha polypeptide-associated urease genes: 
Yes 
No 


Heterogeneity of Hindlll site in subunit ureC of urease gene: 


Absent 
Present 
Heterogeneity of HindIII fragments probed with 
serovar 8IC61 urease probe: 
Biovar | pattern 
Biovar 2 pattern 
Heterogeneity of urease subunit-associated genes: 
Biovar 1 pattern 
Biovar 2 pattern 
Heterogeneity of biovar-specific 16S rRNA genes determined 
by PCR? 
Strain 277 
Strain T9607 
Biovar-specific 16S rRNA gene sequences 
Strain 27! sequence 
Strain T9607 sequence 
16S rRNA, spacer regions, and urease subunit sequences: 
Biovar | pattern 
Biovar 2 pattern 
RFLP of 5' region of mba genes: 
Biovar 1 pattern 
Biovar 2 pattern 
5! end sequences of mba genes 
Biovar | pattern 
Biovar 2 pattern 
16S—23S intergenic spacer region 


Biovar | pattern 
Biovar 2 pattern 
Arbitrarily primed PCRS 
Biovar | pattern 
Biovar 2 pattern 


2,4, 5, 7, 8T 


2, 4,5, 7, 8T 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 87,9 


2, 4, 5, 7, 87,9 


2, 4, 5, 7, 87, 9-13" 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 8T, 9, 13 


2, 8T 


2,8 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 87, 9-13 


2,5, 8T 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 87, 9-13 


2, 4, 5, 7, 87, 9-13 


1, 37,6 


1, 37,6 


1, 3", 6, 14 


1, 37, 6, 14 


1,356 


1, 37,6 


1, 3", 6, 14 


1,37, 6, 14 


1, 37, 6, 10°, 12°, 14 


1, 37,6 


1, 37,6 


1, 37, 6, 14 


1, 37, 6, 14 


1, 37, 6, 14 


1, 37, 6, 14 


1, 37, 6, 14 


1, 37, 6, 14 


1, 37, 6, 14 


1, 37, 6, 14 


Christiansen et al. (1981) 


Christiansen et al. (1981) 


Harasawa et al. (1991) 


Harasawa et al. (1991) 


Cocks and Finch (1987) 


Razin (1983) 


Harasawa et al. (1991) 


Robertson et al. (1990) 


Blanchard (1990) 


Neyrolles et al. (1996) 


Neyrolles et al. (1996) 


Kong et al. (1999b) 


Robertson et al. (1993) 


Robertson et al. (1994) 


Kong et al. (1999b) 


Teng et al. (1994) 


Kong et al. (1999b) 


Harasawa and Kanamoto 
(1999), Kong et al. (1999b) 


Grattard et al. (1995) 


*T, Type strain of species. 


Serovar 13 response to EcoRI was anomalous. 


‘This anomalous pattern resulted from cultures being misidentified as serovars 10 and 12; the error was corrected by Teng et al. (1994). Kong et al. (1999b) have con- 


firmed the efficacy of the Blanchard (1990) primers. 


“Primers used for biovar-defining PCR(s). 


"The multiple band (MB) antigens seen by PAGE are putative virulence markers. See text for details. 
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While DNA-DNA hybridization has been key to species level 
identification for the genus Ureaplasma, serology led to our knowl- 
edge of intra-species relationships (Robertson et al., 2002) and 
still figures importantly. Much interest has been focused specifi- 
cally on the multiple-banded antigens (MBA) of the ureaplas- 
mal cell surface. Watson et al. (1990), studying the type strain 
(serovar 3) of Ureaplasma parvum, identified the predominant 
ureaplasmal antigens recognized by the host during human 
infection. The MBA were first seen as unusual, laddered bands 
in immunoblots. These lipoproteins exhibited epitopes for both 
serovar specificity and cross-reactivity, and showed in vitro size 
variation (Teng et al., 1994; Zheng et al., 1995). Monecke et al. 
(2003) added evidence that the MBA are involved in a phase- 
switching process similar to that identified in several Mycoplasma 
species. The mba gene sequences have since been used to further 
define ureaplasma phylogeny (Knox et al., 1998; Kong et al., 
1999b), as well as to characterize isolates (Knox et al., 1998; 
Knox and Timms, 1998; Kong et al., 1999a; Pitcher et al., 2001). 
The sequences of the 5’ ends of the mba genes of all 14 serovars 
have been defined (Kong et al., 1999a, 2000). Kong et al. (2000) 
found that for Ureaplasma parvum, a specific site on the gene 
determines serovar identity, whereas for Ureaplasma urealyticum 
at least the sequence of the 3’ end is required and, for certain 
other serovars, the entire sequence is involved. 

The genes for the three urease subunits, wreA, ureB, and ureC, 
and adjoining regions from many isolates have been sequenced 
(Blanchard, 1990; Kong et al., 1999b; Neyrolles et al., 1996; 
Ruifu et al., 1997). Rocha and Blanchard (2002) applied bioin- 
formatics to predict how certain gene products (e.g., the MBA, 
restriction and modification systems, transcription anti-termi- 
nation elements, and GTP-binding proteins) might exhibit 
species specificity. PCRs based upon the 16S rRNA genes are 
the most highly conserved, followed by the 16S—23S intergenic 
region, the urease-associated genes, the mba genes, and the 
region upstream of them. 
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Differentiation of the species of the genus Ureaplasma 


The first paper on ureaplasma taxonomy stated that “An advan- 
tage of forming a new genus is that it confers freedom to classify 
new species within the genus without adhering to the principles 
formulated for the other genera. A numbered serovar of a Ure- 
aplasma from humans is broadly equivalent to a named species 
within the genera Mycoplasma or Acholeplasma" (Shepard et al., 
1974). The serological diversity within the type strain, Ureaplasma 
urealyticum, was regarded as no more than antigenic heterogene- 
ity, possibly reflecting minor differences within a single epitope. 
To ensure that taxonomy would develop rationally, official rec- 
ognition of Ureaplasma subspecies was avoided. Thirty-five years 
later, this taxonomic restraint can be appreciated. 

When the first genus and species, Ureaplasma urealyticum, 
was named, it had eight known antigenic specificities (Shepard 
et al., 1974); 6 years later, the number had reached 14 (Robert- 
son and Stemke, 1982) where, surprisingly, it has remained. It 
is surprising because the serotypes were isolated over a 20-year 
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period representing antigens in Vancouver, BC, Canada (Ford, 
1967), Camp Lejeune, NC (Shepard, 1954), and Boston, MA, 
USA (Lin et al., 1972), i.e., on the west and east coasts of North 
America. While putative untypable strains are occasionally 
encountered, after cloning, these have usually turned out to be 
serovar 3, probably the most likely to dominate in a mixed cul- 
ture. However, additional serovars/genovars can be expected to 
emerge, especially from other parts of the world. 

The named species were identified primarily by DNA-DNA 
hybridization and by serological tests. For taxonomic studies, 
the metabolism inhibition test (Purcell et al., 1966; Robertson 
and Stemke, 1979; Taylor-Robinson, 1983b) and either a direct 
or indirect immunofluorescence test (Black and Krogsgaard- 
Jensen, 1974; Piot, 1977; Stemke and Robertson, 1981) have 
been most useful. However, serological tests sometimes gave 
confusing cross-reactivity patterns and were not ideal for differ- 
entiating strains within a single species (Stemke and Robertson, 
1985). In an attempt to circumvent problems of cross-reactions 
obtained with polyclonal antisera, monoclonal antibodies 
(mAbs) to all 14 serovars of human isolates were developed 
(e.g., Echahidi et al., 2001). The use of mAbs coincided with 
and has been largely overshadowed by the genomic revolution. 

In the 1980s, the same pattern of partitioning of the serovars 
of human isolates was demonstrated by other phenotypic traits, 
traits primarily related to protein structures and functions 
(Table 138). When phenotypy failed to deliver a clear and 
convenient means of discrimination, genotypy did. The initial 
DNA-DNA relatedness studies of ureaplasmas from humans 
(Christiansen et al., 1981) confirmed the two, distinct clusters; 
however, the large cell biomass, special equipment, and (then) 
rare expertise required resulted in few strains being tested. New 
techniques, especially PCR, became more easily performed and 
less expensive so that more strains were examined and non- 
ambiguous results were obtained (Table 139). Supported by 
these strong data, the taxonomy of Ureaplasma urealyticum was 
emended and extended (Robertson et al., 2002). The ten anti- 
genic specificities of the larger cluster (known as group 2 or as 
the T960 biovar) retained the Ureaplasma urealyticum designa- 
tion with strain T960" as the type strain. The remaining four 
antigenic specificities (known as group 1 or the parvo biovar) 
were renamed Ureaplasma parvum in recognition of that clus- 
ter's considerably smaller genome size; strain 277, the serovar 
3 standard, was designated the type strain. Many PCR primers 
to identify species and strains of ureaplasmas have been pub- 
lished; commercial PCR-based kits are currently available for all 
named Ureaplasma species. 

In summary, current ureaplasma taxonomy is based upon 
pragmatic, polyphasic criteria, i.e., a synthesis of phylogeny, 
phenotypy, and genotypy. For the specific requirements for 
taxonomic studies of Mollicutes, consult the most recent mini- 
mal standards document (Brown et al., 2007). Some serological 
testing is mandatory. Rabbit antisera to the 14 serovars of ure- 
aplasmas of humans and certain animal species are currently 
available from Jerry K. Davis, Curator of the Mollicutes Collec- 
tion, School of Veterinary Medicine, Purdue University, West 
Lafayette, IN, USA. Expertise in determining phenotypic traits 
specific to ureaplasmas may be accessible through collaboration 
with the appropriate working team ofthe International Research 
Programme for Comparative Mycoplasmology (IRPCM) of the 
International Organization for Mycoplasmology (IOM) at www. 
the-iom.org. 
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List of species of the genus Ureaplasma 


1. Ureaplasma urealyticum Shepard, Lunceford, Ford, Purcell, 


Taylor-Robinson, Razin and Black 1974, 167^ emend. Rob- 
ertson, Stemke, Davis, Harasawa, Thirkell, Kong, Shepard 
and Ford 2002, 593 


u.re.a.ly'ti.cum. N.L. fem. n. urea urea; N.L. adj. lyticus -a -um 
(from Gr. adj. lutikos -ê -on) able to loosen, able to dissolve; 
N.L. neut. adj. urealyticum urea-dissolving or urea-digesting. 


Cells are coccoid and approximately 500 nm in diameter. 
Coccobacillary forms are seen in exponential phase cultures. 
One strain has been shown to have a carbohydrate-containing 
capsule; it and others contain lipoglycans. Grows at tempera- 
tures between 20 and 40°C, grows better at 30-35°C and best 
at 36-37°C. Colonies are <20-50 um in diameter with com- 
plete or partial fried-egg morphology. 

Serologically distinct from all other named species in the 
genus, but serologically heterogeneous. Ten specific anti- 
genic determinants are known: 2, 4, 5, and 7-18. Multiple- 
banded antigens are serovar-related and recognized by the 
host. Like Ureaplasma parvum, it has human IgA-specific pro- 
tease activity that specifically cleaves human IgA1, but not 
human IgA2. Has distinctive PAGE and RFLP patterns. DNA 
is not restricted by endonuclease Uur9601. Genome size of 
the type strain is 890 kbp, whereas the sizes of the 10 known 
serovar standard strains range from 840 to 1140 kbp (PFGE). 
DNA reassociation values: within the species (serovars 2, 4, 
5, and 7), 69-100%; with Ureaplasma parvum (serovars 1, 3, 
and 6), 49-52%. Opportunistic pathogen of humans; causes 
some cases of nongonococcal urethritis, infectious kidney 
stones, systemic infection in immunologically compromised 
hosts. Associated with a broad variety of urogenital infections 
for which causality remains to be established. 

Source: primarily found in the genitourinary tract of 
female and male humans; occasionally in the oral cavity and 
rectum, 

DNA G«C content (mol % ): 25.5-27.8 (T, type strain) and 
27.7-28.5 (Bd; serovars 2, 4, 5, and 7). 

Type strain: T960, (CX8), ATCC 27618, NCTC 10177. 

Sequence accession nos: M23935 and AF073450 (type strain 16S 
rRNA gene), AB028088 and AF059330 (type strain 16S-23S 
rRNA intergenic region). Complete and near-complete (>99%) 
genomes: serovar 2 strain ATCC 27814, NZ ABFL00000000; 
serovar 4 strain ATCC 27816, NZ AAYOO00000000; serovar 
5 strain ATCC 27817, NZ AAZR00000000; serovar 7 strain 
ATCC 27819, NZ_AAYP00000000; serovar 8 strain ATCC 
27618, NZ_AAYN00000000; serovar 9 strain ATCC 33175, NZ_ 
AAYQ00000000; serovar 10 strain ATCC 33699, NC_011374; 
serovar 11 strain ATCC 33695, NZ_AAZS00000000; serovar 
12 strain ATCC 33696, NZ_AAZT00000000; serovar 13 strain 
ATCC 33698, NZ_ABEV00000000. 


. Ureaplasma canigenitalium Harasawa, Imada, Kotani, Koshi- 
mizu and Barile 1993, 644V* 


ca.ni.ge.ni.ta'li.um. L. n. canis dog; L. pl. n. genitalia the geni- 
tals; N.L. pl. gen. n. canigenitalium of canine genitals. 


Cells are coccoid and about 500 nm in diameter; cocco- 
bacillary forms are seen. Colonies are <20-140 um diameter 
with fried-egg morphology. Serogroup I strains represented 
by D6P-C' are serologically distinct from all other established 
species in the genus and from the other three serogroups of 


ureaplasmas isolated from dogs (represented by the strains 
DIM-C, D29M, and D11N-A). The species designation refers 
only to serogroup I strains, although strain D11N-A shows a 
one-way, serological cross-reaction with D6P-C’. It produces 
an IgA protease which specifically cleaves canine myeloma 
IgA, but not human or murine IgA. Genome size is 860 kbp 
(PFGE). DNA reassociation values: between D6P-C? and the 
other three canine strains (DIM-C, D29M, and DIIN-A) 
are 41-63% versus 33% with Ureaplasma urealyticum (strain 
T9607). 

Source: habitat is the prepuce, vagina, and oral and nasal 
cavities of canines. 

DNA G+C content (mol96): 29.4 (HPLC). 

Type strain: D6P-C, ATCC 51252, CIP 106087. 

Sequence accession no. (16S rRNA gene): D78648 (type strain). 


. Ureaplasma cati Harasawa, Imada, Ito, Koshimizu, Cassell 


and Barile 19902, 50V" 
ca'ti. L. gen. n. cati of a cat. 


Cells are coccoid and 2675 nm diameter, exceeding the 
450—550 nm range of most named Ureaplasma species. Coc- 
cobacillary forms are seen and occasionally filaments. Col- 
onies are <15-140 um in diameter with diffuse, granular 
appearance; some fried-egg colonies may appear after pas- 
saging. Distinct from other established species in the genus, 
including Ureaplasma felinum, antigenically and in PAGE 
(Harasawa et al., 1990a) and RFLP patterns (Harasawa et al., 
1984). Genome size has not been determined. DNA reasso- 
ciation values: 83-100% within feline serogroup SII strains 
(Ureaplasma cati) versus «1096 with serogroup SI strains ( Ure- 
aplasma felinum). 

Source: found in the oral cavity of healthy domestic cats 
(Felis domestica). 

DNA G+C content (mol96): 27.9 (Bd), 28.1 (HPLC) for 
strain F2", 

Type strain: F2, ATCC 49228, NCTC 11710, CIP 106088. 

Sequence accession nos: D 78649 (type strain 16S rRNA gene), 
D63685 (type strain 165-235 rRNA intergenic spacer region). 


. Ureaplasma diversum Howard and Gourlay 1982, 450V" 


di.ver'sum. L. neut. part. adj. diversum different, distinct, het- 
erogeneous, referring to the difference in polypeptides and 
G+C content as compared to Ureaplasma urealyticum and to 
the heterogeneous antigenic structure of the species. 


Cells are coccoid or coccobacillary and appear to be 
within the size range of other named Ureaplasma species 
although no measurements have been published. Colonies 
are €100-175 um in diameter based on photomicrographs. 

Serologically distinct from other named species but anti- 
genically heterogeneous, comprising serogroups A, B, and C, 
and represented by strains A417", D48, and T44. These show 
three distinctive PAGE patterns (Howard and Gourlay, 1982), 
but only one RFLP pattern (Harasawa et al., 1984), and, based 
upon the latter criterion, were considered homogeneous. 

Genome size range is 1100-1160 kbp for strains 95 TX, 
1763, and 2065-B202 (PFGE). No DNA reassociation values 
are available. 

Source: the type strain originated from a pneumonic calf 
lung. 
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DNA G+C content (mol % ): 29.0 and 28.7-30.2 (Bd) for the 
type strain and 10 bovine isolates, respectively; thus, higher 
than and not overlapping the values for Ureaplasma urealyti- 
cum and Ureaplasma parvum. 

Type strain: A417, ATCC 43321, NCTC 10182, CIP 106089. 

Sequence accession nos: D78650 (type strain 16S rRNA 
gene), D63686 (type strain 16S—23S rRNA intergenic spacer 
region). 


. Ureaplasma felinum Harasawa, Imada, Ito, Koshimizu, Cassell 
and Barile 1990a, 50%” 


fe.li'num. L. neut. adj. felinum of or belonging to a cat. 


Coccoid cells of 2800 nm diameter exceed the 450-500 nm 
range of most Ureaplasma species. Coccobacillary forms and 
occasional filaments are seen. Colonies are €15-140 um diam- 
eter with diffuse, granular appearance; some fried-egg colo- 
nies may appear after passaging. Distinct antigenically and by 
PAGE and RFLP patterns (Harasawa et al., 1984) from other 
established species in the genus, including Ureaplasma cati. The 
genome size is 1170 kbp (PFGE). It is the largest of any ure- 
aplasma strain examined. DNA reassociation values: 89-100% 
within feline serogroup SI strains (Ureaplasma felinum) versus 
<10% with serogroup II strains (Ureaplasma cati). 

Source: found in the oral cavity of healthy domestic cats 
(Felis domestica). 

DNA G+C content (mol 96): 27.9 (HPLC). 

Type strain: FT2-B, ATCC 49229, NCTC 11709, CIP 
106090. 

Sequence accession nos: D78651 (type strain 16S rRNA gene), 
D63687 (type strain 165-23S rRNA intergenic spacer region). 


. Ureaplasma gallorale Koshimizu, Harasawa, Pan, Kotani, 
Ogata, Stephens and Barile 1987, 337°” 


gallo.ra'le. L. n. gallus a barnyard fowl; L. n. os, oris the 
mouth; L. neut. suff. -ale suffix used with the sense of per- 
taining to; N.L. neut. adj. gallorale relating to the mouth of 
barnyard fowl. 

Cells are coccoid and about 500 nm in diameter; coccoba- 
cillary forms are seen. Colonies are €15-60 um in diameter 
with fried-egg morphology. Serologically distinct from all 
other established species in the genus. Isolates have similar 
SDS-PAGE, immunoblot, and RFLP patterns, but demon- 
strate some species heterogeneity based on reassociation val- 
ues (cluster A strains D6-1* and T9-1; cluster B strain Y8-1). 
Genome size is 760 kbp (PFGE). DNA reassociation values fall 
into two clusters: within cluster A (strains D6-1", D23, F2, F5, 
and T9-1), values are 70-1006; within cluster B (strains Y8-1 
and Y4-2), values are 96-100%; between these clusters, values 
are 51-69%. Although these values are below expectations for 
a single species status, they exceed the 19-27% reassociation 
values with Ureaplasma urealyticum and Ureaplasma diversum. 
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Source: found. only in oropharynx of healthy red jungle 
fowl (Gallus gallus) and chickens (Gallus gallus var. domesticus) 
kept as laboratory or zoo animals in Japan and in chickens 
and turkeys with pneumonia or airsacculitis in Hungary. 

DNA G+C content (mol96): 27.6 (HPLC). 

Type strain: D6-1, ATCC 43346, NCTC 11707. 

Sequence accession nos: U62937 (type strain 16S rRNA 
gene), D63688 (type strain 16S—23S rRNA intergenic spacer 
region). 


. Ureaplasma parvum Robertson, Stemke, Davis, Harasawa, 


Thirkell, Kong, Shepard and Ford 2002, 593%? 


par'vum. L. neut. adj. parvum small, referring to its significantly 
smaller genome sizes compared to Ureaplasma urealyticum, the 
other species from humans. 


Cells are coccoid and about 500 nm in diameter. Cocco- 
bacillary forms are present in exponential phase cultures. 
Lipoglycans have been identified in a serovar 3 strain. Colo- 
nies are <20-140 um in diameter with complete or partial 
fried-egg morphology. 

Serologically distinct from all other named species in the 
genus, but serological heterogeneity is exhibited within the 
species. Four specific antigenic determinants are known: 1, 
3, 6, and 14. Serovar specificities are related to the multiple- 
banded antigens recognized by the host. Like Ureaplasma 
urealyticum, Ureaplasma parvum has an IgA protease activity 
that specifically cleaves human IgA1, but not human IgA2. 
Distinctive PAGE and RFLP patterns. DNA restricted by 
endonuclease Uur9601. Genome size: 751,719 kbp for the 
type strain. Complete genomic sequence of the organism has 
been reported (Glass et al., 2000). DNA reassociation values: 
within the species (serovars 1, 3, and 6), 91-102%; with Urea- 
plasma urealyticum (serovars 2, 4, 5, 7-13), 38-60%. 

Source: primary habitat is the genitourinary tract of female 
and male humans; occasionally found in the oral cavity and 
rectum. As yet, unclear whether an opportunistic pathogen 
in non-gonococcal urethritis, but likely to be so in systemic 
infection in immunologically compromised hosts. Associ- 
ated with a broad variety of urogenital infections for which 
causality remains to be established. 

DNA G+C content (mol96): 25.5 (from genome sequence) 
and 27.8—28.2 (T) for serovars 1 and 6. 

Type strain: 27, ATCC 27815, NCTC 11736. 

Sequence accession nos: L08642 and AF073456 (type strain 
16S rRNA gene), AB028083 and AF059323 (type strain 
16S-23S rRNA intergenic spacer region). Complete and 
nearcomplete (29996) genomes: serovar 1 strain ATCC 
27813, NZ_ABES00000000; serovar 3 strain ATCC 27815, 
NC_010503; serovar 3 strain ATCC 700970, NC_002162; 
serovar 6 strain ATCC 27818, NZ_AAZQ00000000; serovar 
14 strain ATCC 33697, NZ_ABERO0000000. 
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Family Il. Incertae sedis 


DANIEL R. BRowN, SEVERINE TASKER, JOANNE B. Messick AND HAROLD NEIMARK 


This family accommodates the genera Eperythrozoon and Haemo- 
bartonella. These wall-less hemotropic bacteria were once placed 
in the family Anaplasmataceae, order Rickettsiales, because they are 
obligate blood parasites. None have been cultivated on artificial 
media, so no type strains have been established. Motility and bio- 
chemical parameters have not been definitively established for 


any species. These organisms are now known to be unambigu- 
ously affiliated with the order Mycoplasmatales on the basis of 16S 
rRNA similarities, plus morphology, DNA G+C contents, and evi- 
dence that they use the codon UGA to encode tryptophan (Ber- 
ent and Messick, 2003), but their nomenclature remains a matter 
of controversy (Neimark et al., 2005; Uilenberg et al., 2006). 
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Genus |. Eperythrozoon Schilling 1928, 293^- 


DANIEL R. BRown, SÉVERINE TASKER, JOANNE B. Messick AND HAROLD NEIMARK 


E.pe.ry.thro.zo'on. Gr. pref. epi on; Gr. adj. erythros red; Gr. neut. n. zoon living being, animal; N.L. neut. n. 
Eperythrozoon (presumably intended to mean) animals on red (blood cells). 


Cells adherent to host erythrocyte surfaces are coccoid and about 

350 nm in diameter, but may arrange to appear as chains or 

deform to appear rod- or ring-shaped in stained blood smears. 
Type species: Eperythrozoon coccoides Schilling 1928, 1854. 


Further descriptive information 


Hemotropic mollicutes such as the species formerly called 
Eperythrozoon coccoides (trivial name, hemoplasmas; Neimark 
et al., 2005) infect a variety of mammals occasionally includ- 
ing humans. Transmission can be through ingestion of infected 
blood, percutaneous inoculation, or by arthropod vectors 
(Sykes et al., 2007; Willi et al., 2006). The pathogenicity of dif- 
ferent hemoplasma species is variable, and strain virulence and 
host immunocompetence likely play roles in the development 
of disease. Clinical syndromes range from acute fatal hemolytic 
anemia to chronic insidious anemia. Signs may include ane- 
mia, pyrexia, anorexia, dehydration, weight loss, and infertil- 
ity. The presence of erythrocyte-bound antibodies has been 
demonstrated in some hemoplasma-infected animals and may 
contribute to anemia. Animals can remain chronic asymptom- 
atic carriers of hemoplasmas after acute infection. PCR is the 
diagnostic test of choice for hemoplasmosis. Tetracycline treat- 
ment reduces the number of organisms in peripheral blood, 
but probably does not eradicate the organisms from infected 
animals. 


Enrichment and isolation procedures 


Hemoplasmas have not yet been successfully grown in continu- 
ous culture in vitro, although recent work (Li et al., 2008) sug- 
gests that in vitro maintenance of the species Mycoplasma suis 
may be possible. 


Maintenance procedures 


Hemoplasmas can be frozen in heparin- or EDTA-anticoagu- 
lated blood cryopreserved with dimethylsulfoxide. 


Differentiation of the genus Eperythrozoon 
from other genera 


A distinctive characteristic of these organisms is that they are 
found only in the blood of vertebrate hosts or transiently in 
arthropod vectors of transmission. The tenuous distinction 
between species of Eperythrozoon and those of Haemobartonella 
was based on the relatively more common visualization of 
eperythrozoa as ring forms (now known to be artifactual) in 
stained blood smears and the perception that eperythrozoa were 
observed with about equal frequency on erythrocytes and free in 
plasma, while haemobartonellae were thought to occur less 
often free in plasma. Properties that partially fulfill criteria for 
assignment of this genus to the class Mollicutes (Brown et al., 
2007) include absence ofa cell wall, filterability, and the presence 
of conserved 16S rRNA gene sequences. Presumptive use of the 
codon UGA to encode tryptophan (Berent and Messick, 2003) 
supports exclusion from the genera Anaeroplasma, Asteroleplasma, 
Acholeplasma, and “Candidatus Phytoplasma”. Non-spiral cellular 


morphology and regular association with vertebrate hosts 
support exclusion from the genera Spiroplasma, Entomoplasma, 
and Mesoplasma, but sterol requirement, the degree of aerobio- 
sis, and the capacity to hydrolyze arginine, characteristics that 
would help to confirm their provisional 16S rRNA-based place- 
ment in the genus Mycoplasma, remain unknown. 


Taxonomic comments 


The taxonomy and nomenclature of the uncultivated hemotro- 
pic bacteria originally assigned to the genus Eperythrozoon remain 
matters of current controversy. It is now undisputed that, on 
the basis of their lack of a cell wall, small cell size, low G+C 
content, use of the codon UGA to encode tryptophan, regular 
association with vertebrate hosts, and 16S rRNA gene sequences 
that are most similar (80-84%) to species in the pneumoniae 
group of genus Mycoplasma, these organisms are properly affili- 
ated with the Mycoplasmatales. However, the proposed trans- 
fers of Eperythrozoon and Haemobartonella species to the genus 
Mycoplasma (Neimark et al., 2001, 2005) were opposed on the 
grounds that the degree of 16S rRNA gene sequence similarity 
is insufficient (Uilenberg et al., 2004, 2006). The alternative of 
situating the hemoplasmas in a new genus in the Mycoplasmata- 
ceae (Uilenberg et al., 2006) would regrettably compound the 
16S rRNA gene-based polyphyly within Mycoplasma on no other 
basis than a capacity to adhere to the surface of erythrocytes 
in vivo. 

The proposed transfer of the type species Eperythrozoon 
coccoides to the genus Mycoplasma (Neimark et al, 2005) is 
complicated by priority because Eperythrozoon predates Myco- 
plasma. However, the alternative of uniting the genera by trans- 
ferring all mycoplasmas to the genus Eperythrozoon is completely 
unjustifiable considering the biological characteristics of the 
non-hemotropic majority of Mycoplasma species. The Judicial 
Commission of the International Committee on Systematics of 
Prokaryotes declined to rule on a request for an opinion in this 
matter during their 2008 meeting, but a provisional placement 
of the former Eperythrozoon species in the genus Mycoplasma has 
otherwise been embraced by specialists in the molecular biology 
and clinical pathogenicity of these and similar hemotropic 
organisms. At present, the designation “Candidatus Mycoplasma" 
must still be used for new types. 


Further reading 


Kreier, J.P. and M. Ristic. 1974. Genus IV. Haemobartonella Tyzzer 
and Weinman 1939, 143^; Genus V. Eperythrozoon Schilling 
1928, 1854^-. In Bergey's Manual of Determinative Bacteriol- 
ogy, 8th edn (edited by Buchanan and Gibbons). Williams & 
Wilkins, Baltimore, pp. 910-914. 


Differentiation of the species of the genus 
Eperythrozoon 


Species differentiation relies principally on 16S rRNA gene 
sequencing. Some species exhibit a degree of host specificity, 
although cross-infection of related hosts has been reported. 
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List of species of the genus Eperythrozoon 


Mycoplasma coccoides (Schilling 1928) Neimark, Peters, 
Robinson and Stewart 2005, 1389" (Eperythrozoon coccoides 
Schilling 1928, 1854) 


coc.co'ides. N.L. masc. n. coccus (from Gr. masc. n. kokkos 
grain, seed) coccus; L. suff. -oides (from Gr. suff. eides from 
Gr. n. eidos that which is seen, form, shape, figure), resem- 
bling, similar; N.L. neut. adj. coccoides coccus-shaped. 


Pathogenic; causes anemia in wild and captive mice, and 
captive rats, hamsters, and rabbits. Transmission is believed to 
be vector-borne and mediated by the rat louse Polyplex spinu- 
losa and the mouse louse Polyplex serrata. Neoarsphenamine 
and oxophenarsine were thought to be effective chemother- 
apeutic agents for treatment of Mycoplasma coccoides infection 
in captive rodents, whereas tetracyclines are effective only at 
keeping infection at subclinical levels (Thurston, 1953). 

Source: observed in association with the erythrocytes of 
wild and captive rodents. 

DNA G+C content (mol96): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AY171918. 


. Eperythrozoon parvum Splitter 1950, 513^ 
par'vum. L. neut. adj. parvum small. 

Anonpathogenic epierythrocytic parasite of pigs. Organic 
arsenicals are effective; tetracyclines suppress infection. 
Transmissible by parenteral inoculation and sometimes by 
massive oral inoculation. This is the only remaining species 
of Eperythrozoon whose name has standing in nomenclature 
that has not yet been examined by molecular genetic meth- 
ods. It seems likely that, if a specimen of this organism can 
be found, it will prove to be a mycoplasma. 


. Mycoplasma ovis (Neitz, Alexander and de Toit 1934) Nei- 
mark, Hoff and Ganter 2004, 369V* ( Eperythrozoon ovis Neitz, 
Alexander and de Toit 1934, 267) 


o’vis. L. fem. gen. n. ovis of a sheep. 


Cells are coccoid and motility for this species has not 
been assessed. The morphology of infected erythrocytes 
is altered demonstrating a marked depression at the site 
of Myplasma ovis attachment. This species has not been 
grown on artificial medium; therefore, notable biochemi- 
cal parameters are not known. 

Neoarsphenamine is an effective therapeutic agent. Myco- 
plasma ovis is reported to share antigens with Mycoplasma 
wenyonii (Kreier and Ristic, 1963), potentially complicating 
serology-based diagnosis of infection. 

Pathogenic; causes mild to severe anemia in sheep and 
goats that often results in poor feed conversion. Transmis- 
sion occurs via blood-feeding arthropods, e.g., Haemophysa- 
lis plumbeum, Rhipicephalus bursa, Aedes camptorhynchus, and 
Culex annulirostris (Daddow, 1980; Howard, 1975; Nikol'skii 
and Slipchenko, 1969), and likely via fomites such as reused 
needles, shearing tools, and ear-tagging equipment (Brun- 
Hansen et al., 1997; Mason and Statham, 1991). 


Source: observed in association with erythrocytes or unat- 
tached in suspension in the blood of sheep, goats, and 
rarely in eland and splenectomized deer. 

DNA G+C content (mol96): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AF338268. 


. Mycoplasma suis corrig. (Splitter 1950) Neimark, Johansson, 


Rikihisa and Tully 2002, 683V* (Eperythrozoon suis Splitter 
1950, 513) 


su'is. L. gen. n. suis of the pig. 


Cells are coccoid. Motility for this species has not been 
assessed. This species has not been grown on any artificial 
medium; therefore, notable biochemical parameters are 
not known. 

Neoarsphenamine and tetracyclines are effective thera- 
peutic agents. An enzyme-linked immunosorbant assay 
(ELISA) and PCR-based detection assays to enable diagnosis 
of infection have been described (Groebel etal., 2009; Gwalt- 
ney and Oberst, 1994; Hoelzle, 2008; Hsu et al., 1992). 

Pathogenic; causes febrile icteroanemia in pigs. Trans- 
mission occurs via insect vectors including Stomoxys calci- 
trans and Aedes aegypti (Prullage et al., 1993). 

Source: observed in association with the erythrocytes of pigs. 

DNA G+C content (mol% ): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AF029394. 

Further comment: the original spelling of the specific 
epithet, haemosuis (sic), has been corrected by the List 
Editor. 


. Mycoplasma wenyonii (Adler and Ellenbogen 1934) Nei- 


mark, Johansson, Rikihisa and Tully 2002, 683%? (Eperythro- 
zoon wenyonti Adler and Ellenbogen 1934, 220) 


we.ny.o'ni.i. N.L. masc. gen. n. wenyonii of Wenyon, named 
after Charles Morley Wenyon (1878-1948), an investigator 
of these organisms. 

Cells are coccoid. Motility for this species has not been 
assessed. This species has not been grown on any artificial 
medium; therefore, notable biochemical parameters are 
not known. 

Pathogenic; causes anemia and subsequent lameness 
and/or infertility in cattle. Transmission is primarily vector- 
mediated by Dermacentor andersoni and reportedly can also 
occur vertically during gestation. Oxytetracycline is an effec- 
tive therapeutic agent (Montes et al., 1994). Mycoplasma 
wenyonii is reported to share antigens with Mycoplasma ovis 
(Kreier and Ristic, 1963), potentially complicating serology- 
based diagnosis of infection. 

Source: observed in association with the erythrocytes and 
platelets of cattle (Kreier and Ristic, 1968). 

DNA G+C content (mol % ): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AF016546. 


Species of unknown phylogenetic affiliation 


The phylogenetic affiliations of the following proposed organ- 
isms are unknown and their names do not have standing in 


nomenclature. They are listed here merely because they have 
been incidentally cited as species of Eperythrozoon. 
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1. “Eperythrozoon mariboi” Ewers 1971 


The name given to uncultivated polymorphic structures 
observed on or in erythrocytes from flying foxes (Pteropus 
macrotis) following splenectomy (Ewers, 1971). The structures, 
described as fine lines, lines with rings, and rows of rings that 
span the diameter of the erythrocytes, differ from those of 
hemotropic mycoplasmas. 


2. “Eperythrozoon teganodes” Hoyte 1962 


The name given to uncultivated serially transmissible bod- 
ies observed in Giemsa-stained blood smears from cattle. 
The bodies only occur free in the blood plasma and do not 
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attach to erythrocytes (Hoyte, 1962). The bodies differ from 
Mycoplasma wenyoniiin morphology and include “frying-pan” 
shaped structures. 


3. *Eperythrozoon tuomii" Tuomi and Von Bonsdorff 1967 


Uncultivated transmissible cell wall-less bodies observed in 
Giemsa-stained blood smears and electron micrographs of 
blood from splenectomized calves. The bodies appeared in 
blood smears predominantly as delicate rings that did not 
attach to erythrocytes but were associated exclusively with 
thrombocytes (Tuomi and Von Bonsdorff, 1967; Uilenberg, 
1967; Zwart et al., 1969). 


Genus Il. Haemobartonella Tyzzer and Weinman 1939, 305^- 


DANIEL R. BRowN, SEVERINE TASKER, JOANNE B. Messick AND HAROLD NEIMARK 


Ha.e.mo.bar.to.nel'la. Gr. n. haima (L. transliteration haema) blood; N.L. fem. n. Bartonella a bacterial genus; 
N.L. fem. n. Haemobartonella the blood (-inhabiting) Bartonella. 


Cells adherent to host erythrocyte surfaces are coccoid and 
about 350 nm in diameter, but may occur as chains or deform 
to appear rod- or ring-shaped in stained blood smears. 


Type species: Haemobartonella muris (Mayer 1921) Tyzzer and 
Weinman 19394" (Bartonella muris Mayer 1921, 151; Bartonella 
muris ratti Regendanz and Kikuth 1928, 1578; Haemobartonella 
muris Tyzzer and Weinman 1939, 143). 


Further descriptive information 


Those organisms originally assigned to the genus Haemobartonella 
are properly affiliated with the Mycoplasmatales, but their transfer 
to the order has not yet been formalized. Any distinction between 
Haemobartonella and Eperythrozoon is tenuous and possibly arbitrary 
(Kreier and Ristic, 1974; Uilenberg et al., 2004). Enrichment, iso- 
lation and maintenance procedures, and methods of differentia- 
tion are essentially the same as those for genus Eperythrozoon. 


List of species of the genus Haemobartonella 


1. Mycoplasma haemomuris (Mayer 1921) Neimark, Johansson, 
Rikihisa and Tully 2002, 683"" (Bartonella muris Mayer 1921, 
151; Bartonella muris ratti Regendanz and Kikuth 1928, 1578; 
Haemobartonella muris Tyzzer and Weinman 1939, 143) 


ha.e.mo.mu'ris. Gr. neut. n. haema blood; L. masc. gen. n. 
muris of the mouse; N.L. gen. n. haemomuris of mouse blood. 


Cells are coccoid and some display dense inclusion 
particles. Motility for this species has not been assessed. 
The morphology of infected erythrocytes is altered, 
demonstrating a marked depression at the site of Mycoplasma 
haemomuris attachment. This species has not been grown 
on any artificial medium; therefore, notable biochemical 
parameters are not known. 

Opportunistic pathogen; causes anemia in splenecto- 
mized or otherwise immunosuppressed mice. Transmis- 
sion is vector-borne and mediated by the rat louse (Polypax 
spinulosa). 

Source: observed in association with erythrocytes of wild 
and captive mice, and hamsters. 

DNA G+C content (mol96): not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): U82963. 


2. Mycoplasma haemocanis (Kikuth 1928) Messick, Walker, 
Raphael, Berent and Shi 2002, 697° [Bartonella canis Kikuth 
1928, 1730; Haemobartonella (Bartonella) canis (Kikuth 1928) 
Tyzzer and Weinman 1939, 151; Kreier and Ristic 1984, 
726] 


ha.e.mo.ca'nis Gr. neut. n. haema blood; L. fem. gen. n. canis 
of the dog; N.L. gen. n. haemocanis of dog blood. 


Cells are coccoid to pleomorphic. Motility for this species 
has not been assessed. The morphology of infected erythro- 
cytes is altered, demonstrating a marked depression at the 
site of Mycoplasma haemocanis attachment. This species has 
not been grown on any artificial medium; therefore, nota- 
ble biochemical parameters are not known. 

Pathogenic; causes hemolytic anemia in domestic dogs. 
Transmission is vector-borne and mediated by the brown 
dog tick (Rhipicephalus sanguineus). 

Source: observed in association with erythrocytes of 
domestic dogs (Hoskins, 1991). 

DNA G+C content (mol96): Not determined. 

Type strain: not established. 

Sequence accession no. (16S rRNA gene): AF197337. 


3. Mycoplasma haemofelis (Clark 1942) Neimark, Johansson, 
Rikihisa and Tully 2002, 683%” [ Eperythrozoon felis Clark 1942, 
16; Haemobartonella felis (Clark 1942) Flint and McKelvie 
1956, 240 and Kreier and Ristic 1984, 725] 


ha.e.mo.fe'lis. Gr. neut. n. haema blood; L. fem. gen. n. felis 
of the cat; N.L. gen. n. haemofelis of cat blood. 


Cells are coccoid. Motility for this species has not been 
assessed. This species has not been grown on artificial medium; 
therefore, notable biochemical parameters are not known. 

Pathogenic; causes hemolytic anemia in cats. The mode 
of transmission is percutaneous or oral; an insect vector has 
not been identified although fleas have been implicated 
(Woods et al., 2005). 

Tetracyclines and fluoroquinolones are effective thera- 
peutic agents (Dowers et al., 2002; Tasker et al., 2006). 


GENUS II. HAEMOBARTONELLA 


Source: observed in association with erythrocytes of 
domestic cats. 
DNA G+C content (mol % ): 38.5 (genome sequence survey 
of strain OH; Berent and Messick, 2003). 
Type strain: not established. 
Sequence accession no. (16S rRNA gene): U88563. 
The phylogenetic affiliations of the following proposed 
organism are unknown and its name does not have standing 
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Order Il. Entomoplasmatales Tully, Bové, Laigret and Whitcomb 1993, 381Y" 


DANIEL R. Brown, JANET M. BRADBURY AND RoBERT F. WuHitcoms* 


En.to.mo.plas.ma.ta'les. N.L. neut. n. Entomoplasma type genus of the order; -ales ending to 
denote an order: N.L. fem. pl. n. Entomoplasmatales the Entomoplasma order. 


This order in the class Mollicutes has been assigned to a group 
of nonhelical and helical mollicutes that are regularly associated 
with arthropod or plant hosts. The description of organisms in 
the order is essentially the same as for the class. Two families are 
designated, Entomoplasmataceae for nonhelical mollicutes and 
Spiroplasmataceae for helical ones. The order consists of four major 
phylogenetic clades: the paraphyletic entomoplasmataceae clade, 
which consists of the genera Entomoplasma and Mesoplasma; and 
the Apis, Citri-Chrysopicola-Mirum, and Ixodetis clades of the 
genus Spiroplasma. All cells are chemo-organotrophic, usually fer- 
menting glucose through the phosphoenolpyruvate-dependent 
sugar transferase system. Arginine may be hydrolyzed, but urea is 
not. Cells may require sterol for growth. Nonhelical strains that 
grow in serum-free media supplemented with polyoxyethylene 
sorbitan (PES) are currently assigned to the genus Mesoplasma. 
Temperature optimum for growth is usually 30-32°C, with a few 
species able to grow at 37°C. Genome sizes range from 780 to 
2220 kbp by pulsed-field gel electrophoresis (PFGE), with DNA 
G+C contents ranging from 25 to 34 mol%. Like members of the 
Mycoplasmatales, all organisms in this order are thought to utilize 
the UGA codon to encode tryptophan. 

Type genus: Entomoplasma Tully, Bové, Laigret and Whitcomb 
1998, 379**, 


*Deceased 21 December 2007. 


Further descriptive information 


The basis for the proposal for the order Entomoplasmatales (Tully 
et al., 1993) was the distinctive phylogenetic and phenotypic 
characteristics of culturable mollicutes regularly associated 
with arthropods or plants. Members of the family Entomoplas- 
mataceae are nonhelical mollicutes that differ in their choles- 
terol or serum requirements for growth. Nonhelical organisms 
with a strict requirement for cholesterol were placed in the 
genus Entomoplasma (trivial name, entomoplasmas), whereas 
nonhelical strains able to grow in a sterol-free medium supple- 
mented with PES were assigned to the genus Mesoplasma (trivial 
name, mesoplasmas). The proposal also included the transfer 
of the family Spiroplasmataceae from the family Mycoplasmatales 
to the family Entomoplasmatales. The helical organisms assigned 
to the genus Spiroplasma were within the Spiroplasmataceae, and 
genus and family descriptions of these organisms remained 
as proposed previously (Skripal, 1983; Whitcomb and Tully, 
1984). The order Entomoplasmatales is a phylogenetic sister to 
the order Mycoplasmatales. These two orders together form a 
lineage with several unique properties, including the use of 
UGA as a tryptophan codon rather than a stop codon. 


Taxonomic comments 


The genera Entomoplasma and Mesoplasma constitute a poly- 
phyletic sister lineage of the mycoides cluster of mycoplasmas 
that are eccentrically situated in the paraphyletic family Ento- 
moplasmataceae (Gasparich et al., 2004). There is no current 


FAMILY I. ENTOMOPLASMATACEAE 


phylogenetic support for separation of Entomoplasma and 
Mesoplasma species based on neighborjoining or maximum- 
parsimony methods of 16S rRNA gene sequence similarity 
analysis because they do not form coherent clusters, but are 
instead intermixed in one paraphyletic group (Johansson 
and Pettersson, 2002; Tully et al., 1998). No DNA-DNA reas- 
sociation experiments have been performed nor is there any 
other polyphasic taxonomic basis to support the separation. 
In particular, the growth requirement for sterols is not as pro- 
found a character as was initially believed and fails to justify 
these two species (Gasparich et al., 2004; Rose et al., 1993). 
For these reasons, and because Entomoplasma has priority 
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(Tully et al., 1993), the species currently assigned to the genus 
Mesoplasma should most likely be transferred to the genus Ento- 
moplasma. Because the transfer would include its type species, 
the genus Mesoplasma would then become illegitimate. More- 
over, Knight (2004) showed that the species formerly called 
Mesoplasma pleciae (Tully et al., 1994) is properly affiliated with 
the genus Acholeplasma on undisputed grounds of 16S rRNA 
gene sequence similarity and preferred use of UGG rather 
than UGA as the codon for tryptophan. Therefore, transfer of 
the currently remaining members of genus Mesoplasma cannot 
be endorsed until similar analyses have been completed for all 
of those organisms (D.V. Volokhov, unpublished). 


phyletic cluster of arthropod-associated mollicutes to ordinal rank 
(Entomoplasmatales ord. nov.), with provision for familial rank to 
separate species with nonhelical morphology (Entomoplasmataceae 
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Family |. Entomoplasmataceae Tully, Bové, Laigret and Whitcomb 1993, 380"* 


DANIEL R. Brown, JANET M. BRADBURY AND RosBert F. WHITCOMB* 


En.to.mo.plas.ma.ta.ce’ae. N.L. neut. n. Entomoplasma, -atos type genus of the family; -aceae ending 
to denote a family; N.L. fem. pl. n. Entomoplasmataceae the Entomoplasma family. 


Cells are usually coccoid or occur as short, branched or 
unbranched, pleomorphic, nonhelical filaments. Filterable 
through membranes with a mean pore diameter of 220-450 
nm. Cells lack a cell wall and are bounded only by a plasma 
membrane. Nonmotile. Facultatively anaerobic. The tempera- 
ture range for growth varies from 10 to 37°C, with the optimum 
usually at 30°C. The typical colony has a “fried-egg” appear- 
ance. Chemo-organotrophic; acid is produced from glucose, 
with evidence of a phosphoenolpyruvate-dependent sugar 
transport system(s) in some members. Arginine and urea are 
not hydrolyzed. The organisms may require serum or choles- 
terol for growth or may grow in serum-free media plus 0.04% 
PES. The genome sizes range from 790 to 1140 kbp. 
DNA G+C content (mol % ): 26-34. 


*Deceased 21 December 2007. 


Type genus: Entomoplasma Tully, Bové, Laigret and Whitcomb 
1993, 379, 


Further descriptive information 


All members of this paraphyletic family are nonhelical and 
are regularly associated with arthropod or plant hosts. They 
may require cholesterol or serum for growth, and most have 
an optimal growth temperature near 30°C. Separation of 
members of the genera Entomoplasma and Mesoplasma within 
the Entomoplasmataceae is based on the capacity of the Meso- 
plasma species to grow in a serum-free or cholesterol-free 
medium supplemented with PES (Rose et al., 1993; Tully 
et al., 1995), whereas Entomoplasma species have a growth 
requirement for cholesterol. The family is derived from the 
Spiroblasma lineage and is most closely related to the Apis 
cluster of that group. The mycoides cluster of species in the 
genus Mycoplasma is related to this family and seems to have 
evolved from it. 
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FAMILY I. ENTOMOPLASMATACEAE 


Genus |. Entomoplasma Tully, Bové, Laigret and Whitcomb 1993, 379"? 


DANIEL R. BRowN, JANET M. BRADBURY AND RoBERT F. WurrcoMB* 


En.to.mo.plas'ma. Gr.n. entomon insect; Gr. neut. n. plasma something formed or molded, a form; N.L. neut. 
n. Entomoplasma name intended to show association with insects. 


Cells are nonhelical and nonmotile, frequently pleomorphic 
and range in size from 200 to 1200 nm in diameter. Some cells 
exhibit short filamentous forms. Most species ferment glucose. 
Species possess the phosphoenolpyruvate-dependent sugar- 
phosphotransferase system. Organisms require serum or cho- 
lesterol for growth. The temperature range for growth ranges 
from 10 to 32°C, with the optimum usually at 30-32°C. The 
genome sizes range from 870 to 900 kbp (PFGE). All currently 
assigned species were isolated from insects or from plant sur- 
faces where they were presumably deposited by insects. 

DNA G+C content (mol % ): 27-34. 

Type species: Entomoplasma ellychniae Tully, Rose, Hackett, 
Whitcomb, Carle, Bové, Colflesh and Williamson (Tully et al., 
1989) Tully, Bové, Laigret and Whitcomb 1993, 380%? (Myco- 
plasma ellychniae Tully, Rose, Hackett, Whitcomb, Carle, Bové, 
Colflesh and Williamson 1989, 288). 


Further descriptive information 


Cells of these organisms vary from coccoid to pleomorphic forms 
exhibiting short, branching, nonhelical filaments. Round cells 
are usually in the size range of 200-300 nm, but may be larger. 
Most strains were initially isolated in either M1D or SP-4 medium 
and all entomoplasmas grow well in SP-4 broth containing a sup- 
plement of 17% fetal bovine serum. Some strains are able to grow 
on media with reduced serum content. Most established species 
have an optimal growth temperature of 30°C, but some species 
grow better in broth medium maintained at 23-25°C or at 32°C. 
Colony growth on solid medium is best obtained on SP-4 medium 
incubated under anaerobic conditions at about 30°C. Under 
these conditions, most species produce colonies with a classic 
fried-egg appearance, although Entomoplasma freundtii is notable 
for its granular colony morphology. 

All species show strong fermentation of glucose with produc- 
tion of acid and a reduction in medium pH (Table 140). Actively 
growing cultures in broth medium containing glucose may rap- 
idly acidify the medium, causing partial or complete loss of 


TABLE 140. Differential characteristics of species of the genus 
Entomoplasma* 


E x Š š x 
E S S > 3 3 
S 9 S E B5 f 
S Š ES `š E S 
= š š š * E 
E ES E E £ 2 

Characteristic kj kj kj kj x x 

Glucose fermentation + + + + + + 

Arginine hydrolysis = + = = - - 

*Film and spots" = nd + + = = 

Hemadsorption of guinea _ nd _ + 

pig red blood cells 
DNA G+C content (mol%) 277 34 274 288 27 27 


“Symbols: +, >85% positive; —, 0-15% positive; nd, not determined. 


*Deceased 21 December 2007. 


viability after 7—10 d. Arginine hydrolysis and “film and spot” 
lipase reactions are rare among species described to date. Ento- 
moplasmas were shown to lack some key metabolic activities 
found in other mollicutes, especially PP-dependent phospho- 
fructokinase and dUTPase, and to possess uracil DNA glycosy- 
lase activity. Although the latter pyrimidine enzymic activity 
distinguished Entomoplasma from Mesoplasma species, only two 
Entomoplasma species and three Mesoplasma species have been 
tested so far for these activities (Pollack et al., 1996). 

Antisera to whole cell antigens of entomoplasmas have been 
used extensively to provide specific identification to the species 
level with a variety of serologic techniques, including growth 
inhibition, metabolism inhibition, and agar plate immunofluo- 
rescence (Tully et al., 1989, 1990, 1998). There is no evidence 
for the pathogenicity of entomoplasmas to either plant or insect 
hosts. Like other mollicutes, the entomoplasmas are resistant to 
500 U/ml penicillin G. 


Enrichment and isolation procedures 


Flowers and other plant material should be cut in the field and 
placed in plastic bags without touching by hand. In the labora- 
tory, plant materials are rinsed briefly in either SP-4 or MID 
media (May et al., 2008). In both of these media, fetal bovine 
serum is a critical component for successful growth of these 
organisms (Hackett and Whitcomb, 1995; Tully, 1995). The rinse 
medium is immediately decanted and passed through a sterile 
membrane filter, usually of 450 nm porosity. The filtrate is then 
passed through at least several tenfold dilutions in the selected 
culture medium. The retentate may be frozen at —70°C for later 
use or for retesting. The cultures are incubated at 27-30*C and 
monitored by dark-field microscopy and/or by observing acidifi- 
cation of the medium. It is important to note that several non- 
sterol-requiring Acholeplasma species have also been isolated from 
plant and insect material (Tully et al., 1994b). 

Insect material, primarily from gut contents or hemolymph 
obtained by dissection or by fine-pointed glass pipettes, should 
be added to small volumes of SP-4 or MID medium and filtered 
through a 450 nm membrane filter. Serial tenfold dilutions of 
the filtrate should be incubated at 27-30*C and observed for 
a decrease in pH of the medium. After two to three serial pas- 
sages, the organisms should be purified by conventional filter- 
cloning techniques (Tully, 1983) and stocks of various clones 
and early passage isolates frozen for further identification pro- 
cedures (Whitcomb and Hackett, 1996). 


Maintenance procedures 


Stock cultures of entomoplasmas can be maintained well in 
SP-4 and/or MID broth medium containing about 17% fetal 
bovine serum. Most strains in the group can be adapted to 
grow in a broth medium containing bovine serum. Stock cul- 
tures in broth medium can be stored at -70°C for indefinite 
periods. For optimum preservation, the organisms should be 
lyophilized as broth cultures in the early exponential phase of 
growth and the dried cultures should be sealed under vacuum 
and stored at 4^C. 


GENUS |. ENTOMOPLASMA 


Differentiation of the genus Entomoplasma 
from other genera 


Properties that partially fulfill criteria for assignment to the 
class Mollicutes (Brown et al., 2007) include absence of a cell 
wall, filterability, and the presence of conserved 16S rRNA gene 
sequences. Aerobic or facultative anaerobic growth in artificial 
media and the necessity for sterols for growth exclude assign- 
ment to the genera Anaeroplasma, Asteroleplasma, Acholeplasma, 
Mesoplasma, or “Candidatus Phytoplasma”. Non-helical cellular 
morphology and regular association with arthropod or plant 
hosts support exclusion from the genera Spiroplasma or Myco- 
plasma. The inability to hydrolyze urea excludes assignment 
to the genus Ureaplasma. However, the difficulty in assigning 
novel species to this genus is well demonstrated by the ear- 
lier difficulties in establishing accurately the taxonomic status 
of these organisms (Tully et al., 1993). The availability of 16S 
rRNA gene sequence analyses was critical to the differentiation 
of these organisms from other mollicutes. Although isolates 
from vertebrates are very unlikely to be entomoplasmas, two 
bona fide Mycoplasma species, Mycoplasma iowae and Mycoplasma 
equigenitalium, have been isolated from plants [Grau et al., 1991; 
J.C. Vignault, J.M. Bové and J.G. Tully, unpublished (see ATCC 
49192)]. 


Taxonomic comments 


The landmark studies of Weisburg et al. (1989), using 165 rRNA 
gene sequences of about 50 species of mollicutes, were critical 
in the resolution of certain taxonomic conflicts regarding the 
species that became Entomoplasma. The first entomoplasmas to 
be recognized were serologically related isolates from the flow- 
ers of Melaleuca and Grevillea trees (McCoy et al., 1979). Others, 
found in a wide range of insect species (Tully et al., 1987), 
included strain ELCN-1* from the hemolymph of the firefly 
beetle Ellychnia corrusca (Tully et al., 1989) and three serologi- 
cally distinct strains isolated from gut contents of Pyractomena 
and Photinus beetles (Williamson et al., 1990). Although these 
nonhelical, sterol-requiring mollicutes were initially placed in 
the genus Mycoplasma, 16S rRNA gene sequence analysis clearly 
indicated that strain M17, previously designated Mycoplasma 
melaleucae, and strain ELCN-1', previously designated Myco- 
plasma ellychniae, were most closely affiliated with the Spiroplasma 
lineage of helical organisms isolated primarily from arthro- 
pods. These findings prompted a proposal to reclassify the non- 
helical mollicutes from arthropods and plants in a new order, 
Entomoplasmatales, and new family, Entomoplasmataceae, with 
the genus Entomoplasma reserved for sterol-requiring species 
(Tully et al., 1993). Strains MI" and ELCN-1" were renamed 
as Entomoplasma melaleucae and Entomoplasma ellychniae, respec- 
tively. Subsequent phylogenetic analysis of Mycoplasma freundtii, 
later renamed Entomoplasma freundtii, confirmed the placement 
(Tully et al., 1998). 
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The paraphyletic relationship between the genera Ento- 
moplasma and Mesoplasma is currently an unresolved problem in 
the systematics of this genus. It is possible that these genera, sepa- 
rated by the single criterion of sterol requirement, should be 
combined into the single genus Entomoplasma. However, Knight 
(2004) showed that Mesoplasma pleciae (Tully et al., 1994b) should 
belong to the genus Acholeplasma based on 16S rRNA gene 
sequence similarity and the preferred use of UGG rather than 
UGA as the codon for tryptophan. Therefore, transfer of the cur- 
rently remaining members of genus Mesoplasma to other genera 
cannot be endorsed until similar analyses have been completed 
for all of those species (D.V. Volokhov, unpublished). 
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Differentiation of the species of the genus 
Entomoplasma 


The primary technique for differentiation of Entomoplasma 
species is 16S rRNA gene sequence comparisons, confirmed 
by serology (Brown et al., 2007). Nonhelical mollicutes that 
belong to a known species isolated from arthropods or plants 
can be readily identified serologically provided that a battery 
of potent antisera for classified species is available. Growth 
inhibition tests, performed by placing paper discs saturated 
with type-specific antisera on agar plates inoculated with 
the organism, are perhaps the most convenient and rapid 
serological technique to differentiate species (Clyde, 1983). 
The agar plate immunofluorescence test is also a convenient 
and rapid means of mollicute species identification. In the 
absence of specific conjugated antiserum, an indirect immu- 
nofluorescence test can be performed with type-specific anti- 
serum and a fluorescein-conjugated secondary antibody. The 
metabolism inhibition test (Taylor-Robinson, 1983) has also 
been applied to differentiation of Entomoplasma species (Tully 
et al., 1998). 


List of species of the genus Entomoplasma 


1. Entomoplasma ellychniae (Tully, Rose, Hackett, Whitcomb, 
Carle, Bové, Colflesh and Williamson 1989) Tully, Bové, 
Laigret and Whitcomb 1993, 380V" (Mycoplasma ellychniae 
Tully, Rose, Hackett, Whitcomb, Carle, Bové, Colflesh and 
Williamson 1989, 288) 


el.lych.ni'ae. N.L. n. Ellychnia a genus of firefly beetles; N.L. 
gen. n. ellychniae of Ellychnia, from which the organism was 
first isolated. 


This is the type species of the genus Entomoplasma. Cells are 
nonhelical, pleomorphic filaments, with some branching; 
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small coccoid forms, ranging in diameter from 200 to 300 nm, 
also occur. Passage of broth cultures through 450 and 300 nm 
porosity membrane filters does not reduce viable cell numbers, 
whereas passage through 220 nm porosity reduces cell popula- 
tions by about 10%. Grows well in SP-4 medium with fetal 
bovine serum supplements. Does not grow well in horse serum- 
supplemented broth or agar media. Optimum temperature 
for broth growth is 30°C; can grow at 18-32°C. Colonies incu- 
bated at 30°C under anaerobic conditions have a fried-egg 
appearance. Does not hemadsorb guinea pig erythrocytes. 

No evidence for pathogenicity for insects. 

Source: isolated from the hemolymph of the firefly beetle 
Ellychniae corrusca. 

DNA G+C content (mol % ): 27.5 (Bd). 

Type strain: ELCN-1, ATCC 43707, NCTC 11714. 

Sequence accession no. (16S rRNA gene): M24292. 


. Entomoplasma freundtii Tully, Whitcomb, Hackett, Williamson, 
Laigret, Carle, Bové, Henegar, Ellis, Dodge and Adams 1998, 
1203,” 


freund'ti.. N.L. masc. gen. n. freundti of Freundt, named 
after Eyvind Freundt, a Danish pioneer in the taxonomy and 
classification of mollicutes. 


Cells are predominantly coccoid in shape, ranging from 
300 to 1200 nm in diameter. Organisms are readily filterable 
through membranes with mean pore diameters of 450, 300, 
and 220 nm; more than 90% of viable cells in broth culture 
are able to pass 220 nm porosity membranes. The tempera- 
ture range for growth is 10-32°C, with an optimum at 30°C. 
Colonies under anaerobic conditions are granular and fre- 
quently exhibit multiple satellite forms although the organ- 
ism is considered nonmotile. The organism grows well in 
SP-4 broth medium or other media containing horse serum 
supplements. 

No evidence for pathogenicity for insects. 

Source: isolated from the gut contents of a green tiger bee- 
tle (Coleoptera: Cicindelidae). 

DNA G+C content (mol 96): 34.1 (Bd). 

Type strain: BARC 318, ATCC 51999. 

Sequence accession no. (16S rRNA gene): AF036954. 


. Entomoplasma lucivorax (Williamson, Tully, Rose, Hackett, 
Henegar, Carle, Bové, Colflesh and Whitcomb 1990) Tully, 
Bové, Laigret and Whitcomb 1993, 380%? (Mycoplasma lucivo- 
rax Williamson, Tully, Rose, Hackett, Henegar, Carle, Bové, 
Colflesh and Whitcomb 1990, 164) 


lu.ci.vo'rax. L. fem. n. lux lucis light; L. neut. adj. vorax glut- 
tonous, devouring; N.L. neut. adj. /ucivorax light devouring, 
referring to the predacious habit of the host insect, which 
preys on other luminescent firefly species. 


Cells are either pleomorphic coccoidal or subcoccoidal, 
with a diameter of 200—300 nm, or are short, branched or 
unbranched filaments. Cells are readily filterable through 
membrane filters with mean pore diameters of 450, 300, and 
220 nm, but do not pass 100 nm porosity membranes. Opti- 
mum temperature for growth is 30°C; can grow at 10-32*C. 
Nonmotile. Colonies under anaerobic conditions usually have 
a fried-egg appearance. Grows well in SP-4 broth medium or 
other media containing horse serum supplements. Colonies 
do not hemadsorb guinea pig erythrocytes. 


FAMILY I. ENTOMOPLASMATACEAE 


No evidence of pathogenicity for insects or plants. 

Source: first isolated from the gut of a firefly beetle (Photi- 
nus pyralis); also isolated from a flower (Spirea ulmaria; 
C. Chastel, unpublished). 

DNA G+C content (mol 96): 27.4 (Bd). 

Type strain: PIPN-2, ATCC 49196, NCTC 11716. 

Sequence accession no. (16S rRNA gene): AF547212. 


. Entomoplasma luminosum (Williamson, Tully, Rose, Hackett, 


Henegar, Carle, Bové, Colflesh and Whitcomb 1990) 
Tully, Bové, Laigret and Whitcomb 1993, 380" (Mycoplasma 
luminosum Williamson, Tully, Rose, Hackett, Henegar, Carle, 
Bové, Colflesh and Whitcomb 1990, 163) 


lu.mi.no’sum. L. neut. adj. luminosum luminous, emitting 
light, referring to the luminescence of the adult host from 
which the organism was isolated. 


Cells are pleomorphic and coccoidal or subcoccoidal 
with a diameter of 200-300 nm. Cells also occur as short, 
branched or unbranched filaments. The organisms are read- 
ily filterable through membranes with mean pore diameters 
of 450, 300, and 220 nm, but do not pass 100 nm porosity 
membranes. The temperature range for growth is 10-32°C, 
with an optimum at 32°C. Nonmotile. Colonies under anaer- 
obic conditions have a fried-egg appearance. The organism 
grows well in SP-4 broth medium or other media containing 
horse serum supplements. Colonies hemadsorb guinea pig 
erythrocytes. 

No evidence of pathogenicity for insects. 

Source: isolated from the gut of the firefly beetle (Photinus 
marginata). 

DNA G+C content (mol % ): 28.8 (Bd). 

Type strain: PIMN-1, ATCC 49195, NCTC 11717. 

Sequence accession no. (16S rRNA gene): AY155670. 


. Entomoplasma melaleucae (Tully, Rose, McCoy, Carle, Bové, 


Whitcomb and Weisburg 1990) Tully, Bové, Laigret and Whit- 
comb 1993, 380" (Mycoplasma melaleucae Tully, Rose, McCoy, 
Carle, Bové, Whitcomb and Weisburg 1990, 146) 


me la.leu'cae. N.L. n. Melaleuca a genus of tropical trees hav- 
ing white flowers with sweet fragrance; N.L. gen. n. melaleucae 
of Melaleuca, the plant from which the type strain was iso- 
lated. 


Cells are pleomorphic and coccoidal or subcoccoidal, with 
few filamentous forms. Coccoidal forms have mean diameters 
of 250-300 nm. Cells are readily filterable through 450 and 
300 nm porosity membrane filters, with few cells passing 220 
nm porosity membranes. The temperature range for growth 
is 10-30°C, with an optimum at about 23*C. Nonmotile. Col- 
onies under anaerobic conditions at 23-30°C display a fried- 
egg appearance. Grows well in SP-4 broth or in modified 
Edward medium containing fetal bovine serum. The organ- 
ism does not grow well in horse serum-based broth medium. 
Agar colonies do not adsorb guinea pig erythrocytes. 

No evidence of pathogenicity for insects or plants. 

Source: isolated from flower surfaces of a subtropical plant, 
Melaleuca quinquenervia, in south Florida. Related strains 
have been isolated from flowers of other subtropical trees 
in Florida, Melaleuca decora and Grevillea robusta (silk oak), 
and from an anthophorine bee (Xylocopa micans) in the same 
geographic area. 


GENUS Il. MESOPLASMA 


DNA G+C content (mol % ): 27.0 (Bd). 

Type strain: M1, ATCC 49191, NCTC 11715. 

Sequence accession nos (16S rRNA gene): M24478, AY345990. 

Further comment: the 16S rRNA gene sequence is more sim- 
ilar to that of members of genus Mesoplasma than to others in 
the genus Entomoplasma. 


6. Entomoplasma somnilux (Williamson, Tully, Rose, Hackett, 
Henegar, Carle, Bové, Colflesh and Whitcomb 1990) Tully, 
Bové, Laigret and Whitcomb 1993, 380%? (Mycoplasma 
somnilux Williamson, Tully, Rose, Hackett, Henegar, Carle, 
Bové, Colflesh and Whitcomb 1990, 163) 


som.ni'lux. L. masc. n. somnus sleep; L. fem. n. lux light; N.L. 
n. somnilux intended to mean sleeping light, referring to the 
quiescent pupal stage of the host from which the organism 
was isolated, which precedes the luminescent adult stage. 
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Cells are pleomorphic and coccoidal or subcoccoidal, with 
a diameter of 200-300 nm; also occur as short, branched or 
unbranched filaments. Readily filterable through membranes 
with mean pore diameters of 450, 300, and 220 nm. The tem- 
perature range for growth is 10—32*C, with optimum growth 
at 30°C. Nonmotile. Colonies incubated under anaerobic 
conditions at 30°C have a fried-egg appearance. The organ- 
ism grows well in SP-4 broth medium or other media con- 
taining horse serum supplements. Colonies do not adsorb 
guinea pig erythrocytes. 

No evidence of pathogenicity for insects. 

Source: isolated from a pupal gut of the firefly beetle (Pyra- 
ctomena angulata). 

DNA G+C content (mol % ): 27.4 (Bd). 

Type strain: PYAN-1, ATCC 49194, NCTC 11719. 

Sequence accession no. (16S rRNA gene): AY157871. 


Genus Il. Mesoplasma Tully, Bové, Laigret and Whitcomb 1993, 380"* 


DANIEL R. Brown, JANET M. BRADBURY AND RoBERT F. WurrcoMB* 


Me.so.plas’ma. Gr. adj. mesos middle; Gr. neut. n. plasma something formed or molded, a form; N.L. neut. 
n. Mesoplasma middle form, name intended to denote a middle position with respect to sterol or cholesterol 


requirement. 


Cells are nonhelical and nonmotile, generally coccoid or short 
filamentous forms. Coccoid cells are usually 220-300 nm in dia- 
meter, but some cells in some species can be as large as 400-500 nm. 
Most strains ferment glucose and most, but not all, lack the ability 
to hydrolyze arginine. Species possess the phosphoenolpyruvate- 
dependent sugar-phosphotransferase system. Neither serum nor 
cholesterol is required for growth, but strains show sustained 
growth in a serum-free or cholesterol-free medium when the 
medium is supplemented with 0.04% PES. The optimum temper- 
ature for growth is usually near 28-32°C, with some strains able to 
grow well at temperatures as low as 23°C or as high as 37°C. 
Genome sizes range from 825 to 930 kbp (PFGE). 

DNA G+C content (mol % ): 26-32. 

Type species: Mesoplasma florum (McCoy, Basham, Tully, Rose, 
Carle and Bové 1984) Tully, Bové, Laigret and Whitcomb 1993, 
380°” (Acholeplasma florum McCoy, Basham, Tully, Rose, Carle 
and Bové 1984, 14). 


Further descriptive information 


Cells are predominantly coccoid in the exponential phase of 
growth when examined by dark-field microscopy. Cells from 
broth cultures examined by transmission electron microscopy 
are also coccoid, with individual cells usually 220-500 nm in 
diameter and clearly defined by a single cytoplasmic mem- 
brane. Colony growth is best obtained on SP-4 agar medium. 
Plates incubated under anaerobic conditions at about 30°C 
usually display characteristic fried-egg type colonies after 5-7 
d incubation. 

Several mesoplasmas lack certain key metabolic activities 
found in other mollicutes, especially PP-dependent phospho- 
fructokinase, dUTPase, and uracil DNA glycosylase activity 
(Pollack et al., 1996). Most mesoplasmas were isolated in MID 
medium containing 15% fetal bovine serum (Whitcomb, 1983), 
but adapt well to growth in SP-4 broth containing 15-17% fetal 


*Deceased 21 December 2007. 


bovine serum, or in broth medium containing a 1% bovine 
serum fraction supplement (Tully, 1984; Tully et al., 1994a). All 
species show strong fermentation of glucose with acid produc- 
tion (Table 141), with a rapid decline in pH of the medium and 
loss of viability. Arginine hydrolysis has been observed only with 
the type strain (PUPA-27) of Mesoplasma photuris. 

Antisera directed against whole-cell antigens of filter-cloned 
mesoplasmas have been used extensively to establish species 
and to provide species identifications. There is no evidence of 
pathogenicity of any currently established species in the genus 
for either an insect or plant host. Mesoplasmas are resistant to 
500 U/ml penicillin. 


Enrichment, isolation, and maintenance procedures 


The culture media and procedures for isolation and mainte- 
nance of entomoplasmas from plant and insect sources can also 
be effectively applied for mesoplasmas. 


Differentiation of the genus Mesoplasma 
from other genera 


Properties that fulfill criteria for assignment to this genus are 
the same as those for the genus Entomoplasma, with the excep- 
tion that the genus Mesoplasma is currently reserved for species 
that are able to grow in serum-free medium supplemented with 
PES (Tully et al., 1993). 


Taxonomic comments 


The existence of a flora of nonhelical, wall-less prokaryotes 
associated with arthropod or plant hosts was first documented 
by T.B. Clark, S. Eden-Green, and R.E. McCoy and colleagues. 
Some of the plant isolates were clearly related to previously 
described Acholeplasma species, such as Acholeplasma oculi (Eden- 
Green and Tully, 1979), whereas others were established as novel 
Acholeplasma species, able to grow well in broth media without 
any cholesterol, serum, or fatty acid supplements. However, a 
significant group of other similarly derived strains were able to 
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FAMILY I. ENTOMOPLASMATACEAE 


TABLE 141. Differential characteristics of species of the genus Mesoplasma* 


T" 
š 3 ES 3 š ES Š 
ES 3 E š > 8 $ 2 8 3 Wu 
š š T Š š š š š š š š 
Š š E Š E š E š B ES 3 
3 "s Š Š Š E 3 < Š e š 
Characteristic = = = = = = = = = = = 
Glucose fermentation + + + + + + + + + + + 
Arginine hydrolysis _ _ _ _ = 2 = + = = = 
Hemadsorption of guinea pig red blood cells _ + _ + + _ + _ + + = 
DNA G+C content (mol%) 27.3 28.3 27.7 26.4 30 29.1 30 28.8 30 27.6 28.3 


*Symbols: +, >85% positive; -, 0-15% positive. 


grow in serum-free or cholesterol-free media only when small 
amounts of PES were added to the medium. Because these 
strains grew in the absence of cholesterol or serum, several of 
them were initially described as Acholeplasma species, including 
Acholeplasma florum (McCoy et al., 1984), Acholeplasma entomophi- 
lum (Tully et al., 1988), and Acholeplasma seiffertii (Bonnet et al., 
1991). Although the growth response to PES in serum-free or 
cholesterol-free media suggested that there were fundamental 
differences between such mollicutes and classic acholeplasmas, 
conclusive taxonomic evidence was lacking. The subsequent 
analysis of 16S rRNA gene sequences by Weisburg et al. (1989) 
showed that the PES-requiring organisms were closely related 
to the spiroplasma group of mollicutes and were phylogeneti- 
cally distant from acholeplasmas. On the basis of these findings 
and additional phylogenetic data, a proposal was made that the 
plant- and insect-derived mollicutes with growth responses to 
PES in serum-free or cholesterol-free media would be assigned 
to anew family, Entomoplasmataceae, and a new genus, Mesoplasma 
(Tully et al., 1993). Three of the plant-derived strains previously 
described as Acholeplasma species (Acholeplasma florum, Achole- 
plasma entomophilum, and Acholeplasma seiffertii) were transferred 
to the genus Mesoplasma, with retention of their species epithets. 
A single plant-derived strain that had previously been described 
as Mycoplasma lactucae, and later found to grow in serum-free or 
cholesterol-free media supplemented with PES, was renamed 
Mesoplasma lactucae. Later, eight novel Mesoplasma species were 
described (Tully et al., 1994a). 
The paraphyletic relationship between the genera Ento- 
moplasma and Mesoplasma is a currently unresolved problem in 
the systematics of this genus. It is possible that these genera, 


separated by the single criterion of sterol requirement, should 
be combined into the single genus Entomoplasma. However, 
Knight (2004) showed that Mesoplasma pleciae (Tully et al., 
1994a) should belong to the genus Acholeplasma based on 16S 
rRNA gene sequence similarity and the preferred use of UGG 
rather than UGA as the codon for tryptophan. Therefore, trans- 
fer of the currently remaining members of the genus Meso- 
plasmato other genera cannot be endorsed until similar analyses 
have been completed for all of those species (D.V. Volokhov, 
unpublished). 
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tic Procedures in Mycoplasmology, vol. 2 (edited by Tully and 
Razin). Academic Press, San Diego, pp. 1-21. 


Differentiation of the species of the genus Mesoplasma 


The techniques for differentiation of Mesoplasma species are the 
same as those for genus Entomoplasma. 


List of species of the genus Mesoplasma 


1. Mesoplasma florum (McCoy, Basham, Tully, Rose, Carle and 
Bové 1984) Tully, Bové, Laigret and Whitcomb 1993, 380"" 
(Acholeplasma florum McCoy, Basham, Tully, Rose, Carle and 
Bové 1984, 14) 
flo'rum. L. gen. pl. n. florum of flowers, indicating the recov- 
ery site of the organism. 

This is the type species of the genus. Cells are oval or coc- 
coid. The organism is readily filterable through membranes 
with mean pore diameters of 450, 300, and 220 nm, but does 
not pass a membrane with 100 nm porosity. Temperature 
range for growth is 18-37°C, with an optimum at 28-30°C. 
Colonies on agar medium containing horse serum supple- 
ments have a typical fried-egg appearance after anaerobic 


incubation at 37°C. Colonies on agar do not hemadsorb 
guinea pig erythrocytes. 

The 16S rRNA gene sequence is identical to that of Meso- 
plasma entomophilum (GenBank accession no. AF305693), 
but antiserum against Mesoplasma florum did not inhibit 
growth of Mesoplasma entomophilum or label the surfaces of 
Mesoplasma entomophilum colonies on agar (Tully et al., 1988). 
There are additional phenotypic distinctions between the 
two species. 

No evidence of pathogenicity for plants or insects. 

Source: first isolated from surface of flowers on a 
lemon tree (Citrus limon) in Florida, with subsequent 
isolations from floral surfaces of grapefruit (Citrus 
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paradisi) and powderpuff trees (Albizia julibrissin) in 
Florida (McCoy et al., 1979). Also isolated from a variety 
of plants and from the gut tissues of numerous species of 
insects (Clark et al., 1986; Tully et al., 1990; Whitcomb 
et al., 1982). 

DNA G+C content (mol%): 27.3 (Bd, whole genome 
sequence). 

Type strain: L1, ATCC 33453, NCTC 11704. 

Sequence accession nos: AF 300327 (16S rRNA gene), 
NC. 006055 (strain L1” genome sequence). 


2. Mesoplasma chauliocola Tully, Whitcomb, Hackett, Rose, 


Henegar, Bové, Carle, Williamson and Clark 1994a, 691%” 


chau.li.o'co.la. N.L. n. chaulio first part of the genus name 
of goldenrod beetle ( Chauliognathus) ; L. suff. -cola (from L. 
masc. or fem. n. incola) inhabitant; N.L. masc. n. chauliocola 
inhabitant of the goldenrod beetle. 


Cells are primarily coccoid, ranging in size from 300 to 
500 nm in diameter. Cells are readily filterable through 
membranes with mean pore diameters of 450, 300, and 
220 nm, with a small number of cells able to pass through 
100 nm porosity filters. Temperature range for growth is 
10-37°C, with an optimum of 32-37°C. Nonmotile. Colo- 
nies incubated anaerobically at 32-37°C show fried-egg 
morphology. Colonies hemadsorb guinea pig erythrocytes. 

No evidence of pathogenicity for plants or insects. 

Source: originally isolated from gut fluid of an adult gold- 
enrod soldier beetle (Chauliognathus pennsylvanicus). 

DNA G+C content (mol % ): 28.3 (Bd, T. , HPLC). 

Type strain: CHPA-2, ATCC 49578. 

Sequence accession no. (16S rRNA gene): AY166704. 


. Mesoplasma coleopterae Tully, Whitcomb, Hackett, Rose, 
Henegar, Bové, Carle, Williamson and Clark 1994a, 692°? 


co.le.op.te'rae. N.L. fem. gen. n. coleopterae of Coleoptera, 
referring to the order of insects (Coleoptera) from which 
the organism was first isolated. 


Cells are primarily coccoid, ranging in diameter from 
300 to 500 nm. Organisms are readily filterable through 
membranes with mean pore diameters of 450, 300, and 
220 nm. Temperature range for growth is 10-37°C, with an 
optimum of 30-37°C. Nonmotile. Colonies incubated 
anaerobically at 30°C usually have a fried-egg appearance. 
Agar colonies do not hemadsorb guinea pig erythrocytes. 

No evidence of pathogenicity for plants or insects. 

Source: original isolation was from the gut of an adult 
soldier beetle (Chauliognathus sp.). 

DNA G+C content (mol % ): 27.7 (Bd, T, 

Type strain: BARC 779, ATCC 49583. 

Sequence accession no. (16S rRNA gene): DQ514605 (partial 
sequence). 


HPLC). 


. Mesoplasma corruscae Tully, Whitcomb, Hackett, Rose, 
Henegar, Bové, Carle, Williamson and Clark 1994a, 691%” 


cor.rus’cae. N.L. fem. gen. n. corruscae of corrusca, refer- 
ring to the species of firefly beetle (Ellychnia corrusca) from 
which the organism was first isolated. 

Cells are primarily coccoid, ranging in diameter from 
300 to 500 nm. Cells are readily filterable through mem- 
branes with mean pore diameters of 450, 300, and 220 nm. 


Temperature range for growth is 10-32°C, with an optimum 
of 30°C. Nonmotile. Colonies incubated anaerobically at 
30°C usually have a fried-egg appearance. Colonies hemad- 
sorb guinea pig erythrocytes. 

No evidence of pathogenicity for plants or insects. 

Source: original isolation was from the gut of an adult 
firefly (Ellychnia corrusca). 

DNA G«C content (mol % ): 26.4 (Bd, T, HPLC). 

Type strain: ELCA-2, ATCC 49579. 

Sequence accession no. (16S rRNA gene): AY168929. 


. Mesoplasma entomophilum (Tully, Rose, Carle, Bové, 


Hackett and Whitcomb 1988) Tully, Bové, Laigret and 
Whitcomb 1993, 380%? (Acholeplasma entomophilum Tully, 
Rose, Carle, Bové, Hackett and Whitcomb 1988, 166) 


en.to.mo.phi'lum. Gr. n. entomon insect; N.L. neut. adj. 
philum (from Gr. neut. adj. philon) friend, loving; N.L. neut. 
adj. entomophilum insectloving. 


Cells are pleomorphic, but primarily coccoid, ranging 
from 300 to 500 nm in diameter. Cells are readily filterable 
through 220 nm porosity membrane filters. The tempera- 
ture range for growth is 23-32"C, with an optimum at 30°C. 
Nonmotile. Colonies incubated under anaerobic condi- 
tions at 30°C usually have a fried-egg appearance. Colonies 
hemadsorb guinea pig erythrocytes. 

The 16S rRNA gene sequence is identical to that of 
Mesoplasma florum (GenBank accession no. AF300327), but 
antiserum against Mesoplasma florum did not inhibit growth 
of Mesoplasma entomophilum or label the surfaces of Meso- 
plasma entomophilum colonies on agar (Tully et al., 1988). 
There are additional phenotypic distinctions between the 
two species. 

No evidence of pathogenicity for plants or insects. 

Source: original isolation was from the gut contents of a 
tabanid fly (Tabanus catenatus). Also isolated from a variety 
of other species of insects. 

DNA G+C content (mol 96): 30 (Bd). 

Type strain: TAC, ATCC 43706, NCTC 11713. 

Sequence accession no. (16S rRNA gene): AF305693. 


. Mesoplasma grammopterae Tully, Whitcomb, Hackett, Rose, 


Henegar, Bové, Carle, Williamson and Clark 1994a, 691‘? 


gram.mop.te'rae. N.L. fem. gen. n. grammopterae of Gram- 
moptera, referring to the genus of beetle (Grammoptera) from 
which the organism was first isolated. 

Cells are primarily coccoid, ranging in diameter from 
300 to 500 nm. Cells are readily filterable through mem- 
brane filters with mean pore diameters of 450, 300, and 
220 nm. Temperature range for growth is 10-37°C, with an 
optimum at 30°C. Nonmotile. Colonies incubated under 
anaerobic conditions at 30°C have a fried-egg appearance. 
Colonies do not hemadsorb guinea pig erythrocytes. 

No evidence of pathogenicity for plants or insects. 

Source: original isolation was from the gut contents of an 
adult long-horned beetle (Grammoptera sp.). Other isola- 
tions were made from adult soldier beetle (Cantharidae sp.) 
and from an adult mining bee (Andrena sp.). 

DNA G+C content (mol % ): 29.1 (Bd, T. , HPLC). 

Type strain: GRUA-1, ATCC 49580. 

Sequence accession no. (16S rRNA gene): AY174170. 
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Mesoplasma lactucae (Rose, Kocka, Somerson, Tully, 
Whitcomb, Carle, Bové, Colflesh and Williamson 1990) 
Tully, Bové, Laigret and Whitcomb 1993, 380"* (Mycoplasma 
lactucae Rose, Kocka, Somerson, Tully, Whitcomb, Carle, 
Bové, Colflesh and Williamson 1990, 141) 


lac.tu'cae. L. fem. n. lactuca lettuce; L. gen. n. lactucae of 
lettuce, referring to the plant from which the organism was 
first isolated. 


Cells are primarily coccoid, ranging in size from 300 to 
500 nm in diameter, with only occasional short, nonhelical, 
pleomorphic filaments. Cells are readily filterable through 
membrane filters with mean pore diameters of 450, 300, 
and 220 nm, and a few cells are able to pass 100 nm poros- 
ity membranes. Temperature range for growth is 18-37°C, 
with optimal growth at 30°C. Nonmotile. Colonies incu- 
bated under anaerobic conditions at 30°C have a fried-egg 
appearance. Colonies hemadsorb guinea pig erythrocytes. 

No evidence of pathogenicity for plants or insects. 

Source: original isolation was from lettuce (Lactuca 
sativa). 

DNA G+C content (mol % ): 30 (Bd). 

Type strain: 831-C4, ATCC 49193, NCTC 11718. 

Sequence accession no. (16S rRNA gene): AF303132. Has been 
reported to possess three rRNA operons (Grau, 1991). 


. Mesoplasma photuris Tully, Whitcomb, Hackett, Rose, 


Henegar, Bové, Carle, Williamson and Clark 1994a, 691V* 


pho.tu'ris. N.L. gen. n. photuris of Photuris, referring to the 
genus of firefly beetle (Photuris sp.) from which the organ- 
ism was first isolated. 


Cells are primarily coccoid, ranging in diameter from 
300 to 500 nm. Readily filterable through membrane filters 
with mean pore diameters of 450, 300, and 220 nm. Tem- 
perature range for growth is 10-32°C, with optimum at 
30*C. Nonmotile. Colonies incubated under anaerobic con- 
ditions at 30°C have a fried-egg appearance. Colonies do 
not hemadsorb guinea pig erythrocytes. 

No evidence of pathogenicity for plants or insects. 

Source: original isolation was from gut fluids of larval and 
adult fireflies (Photuris lucicrescens and other Photuris spp.). 
One isolate (BARC 1976) was obtained by F.E. French from 
the gut of a horse fly ( Tabanus americanus). 

DNA G+C content (mol % ): 28.8 (Bd, T. , HPLC). 

Type strain: PUPA-2, ATCC 49581. 

Sequence accession no. (168 rRNA gene): AY177627. 


. Mesoplasma seiffertii (Bonnet, Saillard, Vignault, Garnier, 


Carle, Bové, Rose, Tully and Whitcomb 1991) Tully, Bové, 
Laigret and Whitcomb 1993, 380V* (Acholeplasma seiffertii 
Bonnet, Saillard, Vignault, Garnier, Carle, Bové, Rose, Tully 
and Whitcomb 1991, 48) 


seif.fer'ti.i. N.L. masc. gen. n. seiffertii of Seiffert, in honor 
of Gustav Seiffert, a German microbiologist who performed 
pioneering studies on mollicutes that occur in soil and com- 
post and do not require sterols for growth. 


Cells are primarily coccoid, ranging in diameter 
from 300 to 500 nm. Cells are readily filterable through 
membranes with mean pore diameters of 450, 300, and 


10. 


11. 


220 nm. Temperature range for growth is 20-35°C, 
with optimum at about 28-30°C. Nonmotile. Colonies 
incubated under anaerobic conditions at 30*C have a 
fried-egg appearance. Colonies hemadsorb guinea pig 
erythrocytes. 

Three insect isolates of Mesoplasma seiffertii, two from 
mosquitoes and one from a horse fly, were compared to 
strain F7" of plant origin. High relatedness values of 78-9896 
DNA-DNA reassociation under high stringency conditions 
were obtained (Gros et al., 1996). 

No evidence of pathogenicity for plants or insects. 

Source: first isolated from floral surfaces of a sweet orange 
tree (Citrus sinensis) and from wild angelica (Angelica sylves- 
tris). Also isolated from insects. 

DNA G+C content (mol% ): 30 (Bd). 

Type strain: F7, ATCC 49495. 

Sequence accession no. (16S rRNA gene): L12056. 


Mesoplasma syrphidae Tully, Whitcomb, Hackett, Rose, 
Henegar, Bové, Carle, Williamson and Clark 1994a, 691%? 


syr.phi'dae. N.L. fem. gen. n. syrphidae of a syrphid, refer- 
ring to the syrphid fly family (Syrphidae), from which the 
organism was first isolated. 


Cells are primarily coccoid, ranging in size from 300 to 
500 nm in diameter. Cells readily pass membrane filters 
with mean pore diameters of 450, 300, and 220 nm. Tem- 
perature range for growth is 10-32°C, with optimum at 
23-25°C. Nonmotile. Colonies incubated under anaerobic 
conditions at 23-25*C have a fried-egg appearance. Colo- 
nies hemadsorb guinea pig erythrocytes. 

No evidence of pathogenicity for insects. 

Source: original isolation was from the gut of an adult 
syrphid fly (Diptera: Syrphidae). Similar strains have been 
isolated from a bumblebee (Bombus sp.) and a skipper 
(Lepidoptera: Hesperiidae). 

DNA G+C content (mol % ): 27.6 (Bd, T. , HPLC). 

Type strain: YJS, ATCC 51578. 

Sequence accession no. (16S rRNA gene): AY231458. 


Mesoplasma tabanidae Tully, Whitcomb, Hackett, Rose, 
Henegar, Bové, Carle, Williamson and Clark 1994a, 692°? 


ta.ba.ni.dae. N.L. fem. gen. n. tabanidae of a tabanid, refer- 
ring to the horse fly family (Tabanidae), the host from 
which the organism was first isolated. 

Cells are primarily coccoid, ranging in size from 300 
to 500 nm in diameter. Cells readily pass membrane fil- 
ters with mean pore diameters of 450, 300, and 220 nm. 
Temperature range for growth is 10-37°C, with optimum 
at 37°C. Nonmotile. Colonies incubated under anaerobic 
conditions at 37°C display a fried-egg appearance. Colonies 
do not hemadsorb guinea pig erythrocytes. 

No evidence of pathogenicity for insects. 

Source: original isolation was from the gut of an adult 
horse fly ( Tabanus abactor). 

DNA G+C content (mol % ): 28.3 (Bd, T. , HPLC). 

Type strain: BARC 857, ATCC 49584. 

Sequence accession no. (16S rRNA gene): AY187288. 
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FAMILY II. SPIROPLASMATACEAE 


Family Il. Spiroplasmataceae Skripal 1983, 408"* 


Davip L. WILLIAMSON, Gait E. GASPARICH, LAURA B. REGASSA, COLLETTE SAILLARD, JOEL RENAUDIN, 
JosEPH M. Bove AND Rosert F. WHITCOMB* 


Spi.ro.plas.ma.ta.ce’ae. N.L. neut. n. Spiroplasma, -atos type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Spiroplasmataceae the Spiroplasma family. 


Cells are helical during exponential growth, with rotatory, 
flexional, and translational motility. Genome size is variable: 
780-2220 kbp. Variable sterol requirement for growth. Pro- 
cedures for determining sterol requirement are as described 
for Family I (Entomoplasmataceae). Possess a phosphoenolpyru- 
vate phosphotransferase system for glucose uptake. Reduced 


nicotinamide adenine dinucleotide (NADH) oxidase activity is 
located only in the cytoplasm. Unable to synthesize fatty acids 
from acetate. Other characteristics are as described for the 
class and order. 

Type genus: Spiroplasma Saglio, L’ Hospital, Lafléche, Dupont, 
Bové, Tully and Freundt 1973, 201^. 


Genus l. Spiroplasma Saglio, LHospital, Lafleche, Dupont, Bové, Tully and Freundt 1973, 201^ 


Davip L. WILLIAMSON, GaiL E. GASPARICH, LAURA B. REGASSA, COLLETTE SAILLARD, JOEL RENAUDIN, JOSEPH M. Bové 
AND RoBERT F. WHitcoms* 


Spi.ro.plas'ma. Gr. n. speira (L. transliteration spira) a coil, spiral; Gr. neut. n. plasma something formed or 


molded, a form; N.L. neut. n. Spiroplasma spiral form. 


Cells are pleomorphic, varying in size and shape from helical 
and branched nonhelical filaments to spherical or ovoid. The 
helical forms, usually 100-200 nm in diameter and 3-5 um in 
length, generally occur during the exponential phase of growth 
and in some species persist during stationary phase. The cells 
of some species are short (1-2 um). In certain cases, helical 
cells may be very tightly coiled, or the coils may show continu- 
ous variation in amplitude. Spherical cells ~300 nm in diameter 
and nonhelical filaments are frequently seen in the stationary 
phase, where they may not be viable, and in all growth phases 
in suboptimal growth media, where they may or may not be 
viable. In some species during certain phases, spherical forms 
may be the replicating form. Helical filaments are motile, with 
flexional and twitching movements, and often show an appar- 
ent rotatory motility. Fibrils are associated with the membrane, 
but flagellae, periplasmic fibrils, or other organelles of locomo- 
tion are absent. Fimbriae and pili observed on the cell surface 
of insect- and plant-pathogenic spiroplasmas are believed to 
be involved in host-cell attachment and conjugation (Ammar 
et al., 2004; Ozbek et al., 2003), but not in locomotion. Cells 
divide by binary fission, with doubling times of 0.7-37 h. Fac- 
ultatively anaerobic. The temperature growth range varies 
among species, from 5 to 41°C. Colonies on solid media are 
frequently diffuse, with irregular shapes and borders, a condi- 
tion that reflects the motility of the cells during active growth 
(Figure 111). Colony type is strongly dependent on the agar 
concentration. Colony sizes vary from 0.1 to 4.0 mm in diam- 
eter. Colonies formed by nonmotile variants or mutants, or by 
cultures growing on inadequate media are typically umbonate 
with diameters of 200 um or less. Some species, such as Spiro- 
plasma platyhelix, have barely visible helicity along most of their 
length and display little rotatory or flexing motility. Colonies 
of motile, fast-growing spiroplasmas are diffuse, often with sat- 
ellite colonies developing from foci adjacent to the initial site 
of colony development. Light turbidity may be produced in 
liquid cultures. Chemo-organotrophic. Acid is produced from 
glucose. Hydrolysis of arginine is variable. Urea, arbutin, and 


*Deceased 21 December 2007. 


FIGURE 111. Colonial morphology of Spiroplasma lampyridicola strain 
PUP4' grown on SP-4 agar under anaerobic conditions for 4 d at 30°C. 
The diffuse appearance and indistinct margins reflect the motility of 
spiroplasmas during active growth. Bar = 50 um. (Reprinted with permis- 
sion from Stevens et al., 1997. Int. J. Syst. Bacteriol. 47: 709—712.) 


esculin are not hydrolyzed. Sterol requirements are variable. 
An optimum osmolality, usually in the range of 300-800 mOsm, 
has been demonstrated for some spiroplasmas. Media contain- 
ing mycoplasma broth base, serum, and other supplements are 
required for primary growth, but after adaptation, growth often 
occurs in less complex media. Defined or semi-defined media 
are available for some species. Resistant to 10,000 U/ml peni- 
cillin. Insensitive to rifampicin, sensitive to erythromycin and 
tetracycline. Isolated from the surfaces of flowers and other 
plant parts, from the guts and hemolymph of various insects 
and crustaceans, and from tick triturates. Also isolated from 
vascular plant fluids (phloem sap) and insects that feed on the 
fluids. Specific host associations are common. The type spe- 
cies, Spiroplasma citri, is pathogenic for citrus (e.g., orange and 
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grapefruit), producing “stubborn” disease. Experimental or 
natural infections also occur in horseradish, periwinkle, radish, 
broad bean, carrot, and other plant species. Spiroplasma kunkelii 
is a maize pathogen. Some species are pathogenic for insects. 
Certain species are pathogenic, under experimental condi- 
tions, for a variety of suckling rodents (rats, mice, hamsters and 
rabbits) and/or chicken embryos. Genome sizes vary from 780 
to 2220 kbp (PFGE). 

DNA G+C content (mol % ): 24-31 (T. Bd). 

Type species: Spiroplasma citri Saglio, L'Hospital, Lafléche, 
Dupont, Bové, Tully and Freundt 1973, 202". 


Further descriptive information 


Morphology. The morphology of spiroplasmas is most eas- 
ily observed in suspensions with the light microscope under 
dark-field illumination (Williamson and Poulson, 1979). In the 
exponential phase in liquid media, most spiroplasma cells are 
helical filaments 90-250 nm in diameter and of variable length 
(Figure 112). Fixed and negatively stained cells usually show 
a blunt and a tapered end (Williamson, 1969; Williamson and 
Whitcomb, 1974). The tapered ends of the cells are a conse- 
quence of the constriction process preceding division (Garnier 
et al., 1981, 1984). However, they are adapted as attachment 
sites in some species (Ammar et al., 2004). 


Motility. Helical spiroplasma cells exhibit flexing, twitching, 
and apparent rotation about the longitudinal axis (Cole et al., 
1973; Davis and Worley, 1973). Spiroplasmas exhibit tempera- 
ture-dependent chemotactic movement toward higher concen- 
trations of nutrients, such as carbohydrates and amino acids 


FIGURE 112. Electron micrograph of Drosophila willistoni strain B3SR 
sex-ratio spiroplasmas. Hemolymph suspension in phosphate buffered 
saline, glutaraldehyde vapor-fixed, and negatively stained with 1% phos- 
photungstic acid, pH 7.2. (Reprinted with permission from Whitcomb 
et al., 2007. Biodiversity and Conservation 16: 3877-3894.) 
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(Daniels and Longland, 1984, 1980); but motility is random 
in the absence of attractants (Daniels and Longland, 1984). 
Both natural (Townsend et al., 1980b, 1977) and engineered 
(Cohen et al., 1989; Duret et al., 1999; Jacob et al., 1997) motil- 
ity mutants have been described. These mutants form perfectly 
umbonate colonies on solid medium. Mutational analysis has 
highlighted the involvement of the smc1 gene in motility. Jacob 
etal. (1997) demonstrated that a Tn 4001 insertion mutant with 
reduced flexional motility and no rotational motility could be 
complemented with the wild-type sem1 gene. The scm] gene 
encodes a 409 amino acid polypeptide having ten transmem- 
brane domains but no significant homology with known pro- 
teins. In another study, the scm1 gene was inactivated through 
homologous recombination, abolishing motility (Duret et al., 
1999). The disrupted sem] mutant was injected into the leaf- 
hopper vector (Circulifer haematoceps); it multiplied actively in 
the insect vector and was then transmitted to periwinkle plants. 
The mutant induced symptoms that were indistinguishable 
from those caused by the motile wild-type strain showing that 
spiroplasma motility is not essential for phytopathogenicity and 
transmission to the plant host (Duret et al., 1999). 


Fibrils and motility. Microfibrils 3.6 nm in width have been 
envisioned in the membranes of some spiroplasmas. These 
structures have repeat intervals of 9 nm along their lengths 
(Williamson, 1974) and form a ribbon that extends the entire 
length of the helix (Charbonneau and Ghiorse, 1984; William- 
son et al., 1984). The sequence of the fibril protein gene has 
been determined (Williamson et al., 1991) and the calculated 
mass of the fibril protein is 59 kDa. The flat, monolayered, 
membrane-bound ribbon composed of several well-ordered 
fibrils represents the internal spiroplasmal cytoskeleton. The 
spiroplasmal cytoskeletal ribbon follows the shortest helical 
line on the cellular coil. Recent studies have focused on the 
detailed cellular and molecular organization of the cytoskel- 
eton in Spiroplasma melliferum and Spiroplasma citri (Gilad et al., 
2003; Trachtenberg, 2004; Trachtenberg et al., 2003a, b; Tra- 
chtenberg and Gilad, 2001). Each cytoskeletal ribbon contains 
seven fibril pairs (or 14 fibrils) and the functional unit is a pair 
of aligned fibrils (Trachtenberg et al., 2003a). Paired fibrils can 
be viewed as chains of tetramers composed of 59 kDa mono- 
mers. Cryo-electron tomography has been used to elucidate 
the native state, cytoskeletal structure of Spiroplasma melliferum 
and suggested the presence of three parallel ribbons under 
the membrane: two appear to be composed of the fibril pro- 
tein and the third is composed of the actin-like MreB protein 
(Kürner et al., 2005). Subsequent studies suggest the presence 
of a single ribbon structure (Trachtenberg et al., 2008). The 
subunits in the fibrils undergo conformational changes from 
circular to elliptical, which results in shortening of the fibrils 
and helix contraction, or from elliptical to circular, leading to 
a length increase of the fibrils and cell helix. The cytoskeleton, 
which is bound to the spiroplasmal membrane over its entire 
length, acts as a scaffold and controls the helical shape of the 
cell. The cell shape is therefore dynamic. Movement appears to 
be driven by the propagation of a pair of kinks that travel down 
the length of the cell along the fibril ribbons (Shaevitz et al., 
2005; Wada and Netz, 2007; Wolgemuth and Charon, 2005). 
The contractile cytoskeleton can thus be seen as a “linear 
motor” in contrast to the common “rotary motor” that is part 
of the flagellar apparatus in bacteria (Trachtenberg, 2006). 
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There are several adherent proteins that copurify with the 
cytoskeleton, ranging in size from 26 to 170 kDa (Townsend 
et al., 1980a; Trachtenberg, 2006; Trachtenberg and Gilad, 
2001). These proteins are apparently membrane-associated 
and may function as anchor proteins (Trachtenberg and Gilad, 
2001). The structural organization of the cytoskeleton-associ- 
ated proteins of Spiroplasma melliferum is beginning to be elu- 
cidated (Trachtenberg et al., 2008). The 59 kDa polypeptide 
is the cytoskeletal fibril protein. The 26 kDa polypeptide is 
probably spiralin, the major spiroplasmal membrane protein. 
However, the involvement of spiralin in helicity and motility is 
unlikely (see *Spiralin" section below), especially since spira- 
lin is anchored on the outside surface of the cell (Bévén et al., 
1996; Bové, 1993; Brenner et al., 1995; Foissac et al., 1996) and 
spiralin-deficient mutants maintain helicity and motility (Duret 
et al., 2003). The 45 kDa protein may correspond to the prod- 
uct of the scm1 gene, shown to be essential for motility (Jacob 
et al., 1997), and the 34 kDa protein may be the product of the 
mreB1 gene (W. Maccheroni and J. Renaudin, unpublished). 

MreB is the bacterial homolog to eukaryotic actin (Jones et al., 
2001; Van den Ent et al., 2001). Early work provided evidence 
for the presence of actin-like proteins in spiroplasmas. Antisera 
prepared against SDS-denatured invertebrate actin coupled to 
horseradish peroxidase specifically stained cells of Spiroplasma citri 
(Williamson et al., 1979a). Also, a protein with a molecular mass 
similar to that of actin (protein P25) was isolated from Spiroplasma 
citriand reacted with IgG directed against rabbit actin (Mouches 
et al., 1982b, c, 1983b). Monospecific antibodies raised against 
the P25 protein recognized not only P25 of Spiroplasma citri, but 
also a homologous protein from Mycoplasma mycoides PG50 and 
Ureaplasma urealyticum serotype V (Mouches et al., 1983b). More 
recent work has focused on the molecular organization of the 
genes. mreB genes are present in rod-shaped, filamentous, and 
helical bacteria, but not in coccoid, spherical bacteria, regard- 
less of whether or not they are Gram-stain-positive or Gram- 
stain-negative. mreB genes are also absent from the pleomorphic 
mycoplasmas. However, Spiroplasma citri contains five homologs 
of Bacillus subtilis mreB genes (Maccheroni et al., 2002). Four of 
these (mreB2, 3, 4, and 5) form a cluster on the genome and are 
transcribed in two separate operons. Gene mreB1 is transcribed as 
a monocistronic operon and at a much higher level. 


Growth characteristics. Spiroplasma cells increase in length 
and divide by constriction. Pulse labeling of the membrane with 
tritiated amino acids revealed a polar growth of the helix. Polar- 
ity was also observed by tellurium-labeling of oxido-reduction 
sites (Garnier et al., 1984). In the stationary or death phase, the 
cells are usually distorted, often forming either subovoid bod- 
ies or nonhelical filaments. Within cultured insect cells, all the 
spiroplasma cells were subovoid, but presumably viable (Waya- 
dande and Fletcher, 1998). Thus, the ability of cells to grow and 
divide is not linked inextricably to helicity. 


Growth rate. Enumerated microscopically (Rodwell and 
Whitcomb, 1983), spiroplasmas reach titers of 105-10" cells/ 
ml in medium containing horse or fetal bovine serum. Growth 
rates of related strains tend to be similar. Konai et al. (19962) 
calculated doubling times from the time required for medium 
acidification. In general, spiroplasmas adapted to complex 
cycles or single hosts had slower growth rates than spiroplasmas 
known or suspected to be transmitted on plant surfaces. 
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Temperature. Konai et al. (1996a) determined temperature 
ranges and optima for a large number of spiroplasma strains. 
The ranges of some strains (e.g., Spiroplasma apis) were very 
wide (5—41*C), but some group I strains from leafhoppers and 
plants grew only at 25° and 30°C. Although some spiroplasmas 
grew well at 41°C, none grew at 43°C. 


Biochemical reactions. All tested spiroplasmas ferment 
glucose with concomitant acid production, although the utili- 
zation rates may vary. Some strains of group I (e.g., members 
of subgroups I-4 and I-6) and all strains of Spiroplasma mirum 
ferment glucose slowly. With Spiroplasma citri, all strains tested 
grew actively on fructose and strain GII3 grew on fructose, glu- 
cose, or trehalose. The ability of spiroplasmas to utilize argin- 
ine varies (Hackett et al., 1996a). Arginine hydrolysis by some 
spiroplasmas can be observed only if glucose is also present 
in the medium. In other cases, aggressive glucose metabolism 
interferes with detection of arginine hydrolysis (Hackett et al., 
1996a). 


Regulation of the fructose and trehalose operons of Spiroplasma 
citri. The fructose operon of Spiroplasma citri (Gaurivaud 
et al., 2000a) became of special interest when fructose utiliza- 
tion was implicated in Spiroplasma citri phytopathogenicity (see 
“Mechanism of Spiroplasma citri phytopathogenicity” below). 
In particular, the role of the first gene of the operon, fruR, 
was investigated. Jn vivo transcription of the operon is greatly 
enhanced by the presence of fructose in the growth medium, 
whereas glucose has no effect. When fruR is not expressed 
(fruR mutants), transcription of the operon is not stimulated 
by fructose and the rate of fructose fermentation is decreased, 
indicating that FruR is an activator of the fructose operon (Gau- 
rivaud et al., 2001). Trehalose is the major sugar in leafhoppers 
and other insects. The trehalose operon of Spiroplasma citri has 
a gene organization very similar to that of the fructose operon 
and the first gene of the trehalose operon, treR, also encodes a 
transcriptional activator of the operon (André et al., 2003). 


Sterol utilization. It was originally thought that all spiroplas- 
mas require sterol for growth. Subsequent screening by Rose 
et al. (1993) showed that a minority of the spiroplasmas tested 
were able to sustain growth in mycoplasma broth base medium 
without sterols. The discovery that the sterol requirement in 
Mollicutes is polyphyletic greatly diminished the significance of 
sterol requirements in mollicute taxonomy (Tully et al., 1993). 


Metabolic pathways and enzymes. The intermediary meta- 
bolism of Mollicutes has been reviewed (Miles, 1992; Pollack, 
2002a, b; Pollack et al., 1997). Like all mollicutes, Spiroplasma 
species apparently lack both cytochromes and, except for malate 
dehydrogenase, the enzymes of the tricarboxylic acid cycle. 
They do not have an electron-transport system and their res- 
piration is characterized as being flavin-terminated. McElwain 
et al. (1988) studied Spiroplasma citri and Pollack et al. (1989) 
screened ten spiroplasma species for 67 enzyme activities. All 
spiroplasmas were fermentative; their 6-phosphofructokinases 
(6-PFKs) required ATP for substrate phosphorylation during 
glycolysis. This enzymic requirement is common to all molli- 
cutes except Acholeplasma and Anaeroplasma spp. The 6-PFKs of 
the species in these genera require pyrophosphate and cannot 
use ATP. Additionally, except for Spiroplasma floricola, all Spiro- 
plasma species have dUTPase activity. Pollack et al. (1989) also 
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reported that all spiroplasmas except Spiroplasma floricola have 
deoxyguanosine kinase activity. They found that deoxyguanos- 
ine, but no other nucleoside, could be phosphorylated to GMP 
with ATP. 

Spiroplasmal proteins with multiple functions have been 
described. The CpG-specific methylase from Spiroplasma mono- 
biae appears to also have topoisomerase activity (Matsuo et al., 
1994). Protein P46 of Spiroplasma citri is a bifunctional protein 
in which the N-terminal domain represents ribosomal pro- 
tein L29, whereas the C-terminal domain is capable of bind- 
ing a specific inverted repeat sequence. It could be involved 
in regulation (Le Dantec et al., 1998). Such protein multifunc- 
tionality may reflect genomic economy in the small mollicute 
genome (Pollack, 2002b). However, functional redundancy has 
also been reported; Spiroplasma citri apparently has two distinct 
membrane ATPases (Simoneau and Labarére, 1991). 


Genome size, genomic maps, and chromosomal rearrange- 
ments. PFGE revealed that the genome size range for spiro- 
plasmas varied continuously (Pyle and Finch, 1988) from 780 
kbp for Spiroplasma platyhelix to 2220 kbp for Spiroplasma ixodetis 
(Carle et al., 1995, 1990). There is a general trend for genomic 
simplification in Spiroplasma lineages. This trend culminated in 
loss of helicity and motility in the Entomoplasmataceae and even- 
tually to the host transfer events forming the mycoides group of 
mycoplasmas (Gasparich et al., 2004). 

The genome size of Spiroplasma citri varies among strains 
from 1650 to 1910 kbp (Ye et al., 1995). It was found that the 
relative positions of mapped loci were conserved in most of the 
strains, but that differences in the sizes of certain fragments 
permitted genome size variation. Genome size can fluctuate 
rapidly in spiroplasma cultures after a relatively short number 
of in vitro passages (Melcher and Fletcher, 1999; Ye et al., 1996). 
The genome of Spiroplasma melliferum is 360 kbp shorter than 
that of Spiroplasma citri strain R8-A2T, but DNA hybridization has 
shown that the two spiroplasmas share extensive DNA hybridiza- 
tion (65%). Comparison of their genomic maps revealed that 
the genome region, which is shorter in Spiroplasma melliferum, 
corresponds to a variable region in the genomes of Spiroplasma 
citri strains and that a large region of the Spiroplasma melliferum 
genome is inverted in comparison with Spiroplasma citri. There- 
fore, chromosomal rearrangements and deletions were proba- 
bly major events during evolution of the genomes of Spiroplasma 
citri and Spiroplasma melliferum. In addition, a large amount of 
noncoding DNA is present as repeat sequences (McIntosh et al., 
1992; Nur et al., 1986, 1987) and integrated viral DNA (Bébéar 
etal., 1996) may also account for differences in genome sizes of 
closely related species. 


Base composition. The DNA G«C content for most spiro- 
plasma groups and subgroups has been determined (Carle 
et al., 1995, 1990; Williamson et al., 1998). Most group I spiro- 
plasmas and Spiroplasma poulsonii have a G+C content of 25-27 
mol%. However, the G+C content of subgroup I-6 Spiroplasma 
insolitum is significantly higher, indicating that the base compo- 
sition of spiroplasmal DNA may shift over relatively short evo- 
lutionary periods. The range of G+C content of 25-27 mol% 
is modal for Spiroplasma and is also common in the Apis clade. 
However, Spiroplasma mirum (group V), strains of Spiroplasma 
apis (group IV), and group VIII strains have a G+C content of 
about 29-31 mol%. Restriction sites containing only G and C 
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nucleotides are not uniformly distributed over the genome (Ye 
et al., 1992). 


Methylated bases. Methylated bases have been detected in 
spiroplasmal DNA (Nur et al., 1985). The gene encoding the 
CpG methylase in Spiroplasma monobiae has been cloned (Ren- 
baum et al., 1990) and its mode of action studied (Renbaum 
and Razin, 1992). 


DNA restriction patterns. Restriction patterns of spiroplas- 
mal DNA, as determined by polyacrylamide gel electrophoresis, 
may be highly similar among strains of a given species (Bové 
et al., 1989). Variations in restriction fragment length patterns 
among strains of Spiroplasma corruscae correlated imperfectly 
with serological variation, so their significance was uncertain 
(Gasparich et al., 1998). 


RNA genes. Some spiroplasmas, such as Spiroplasma citri, 
have only one rRNA operon, whereas others, such as Spiro- 
plasma apis, have two (Amikam et al., 1984, 1982; Bové, 1993; 
Grau et al, 1988; Razin, 1985). The three rRNA genes are 
linked in the classical order found in bacteria: 5'-16S-23S-5S-3'. 
The sequence of the 16S rRNA gene (rDNA) of most spiro- 
plasma species has been determined for phylogenetic studies 
(Gasparich et al., 2004; Weisburg et al., 1989). A gene cluster of 
ten tRNAs (Cys, Arg, Pro, Ala, Met, Ile, Ser, fMet, Asp, Phe) was 
identified in Spiroplasma melliferum (Rogers et al., 1987). Simi- 
lar tRNA gene clusters have been cloned and sequenced from 
Spiroplasma citri (Citti et al., 1992). 


Codon usage. In spiroplasmas, UGA is not a stop codon but 
encodes tryptophan. The universal tryptophan codon, UGG, is 
also used (Citti et al., 1992; Renaudin et al., 1986). Codon usage 
also reflects the A+T richness of spiroplasmal DNA (usually 
about 74 mol% A+T). For example, in Spiroplasma citri, UGA is 
used to code for tryptophan eight times more frequently than 
the universal tryptophan codon UGG (Bové, 1993; Citti et al., 
1992; Navas-Castillo et al., 1992). Also, synonymous codons with 
U or A at the 5’ or 3' ends are preferentially used over those 
with a C or G in that position. 


RNA polymerase and spiroplasmal insensitivity to rifam- 
picin. Spiroplasmas are insensitive to rifampicin. DNA- 
dependent RNA polymerases from Spiroplasma melliferum and 
Spiroplasma apis were at least 1000 times less sensitive to rifam- 
picin than the corresponding Escherichia coli enzyme (Gadeau 
et al., 1986). Rifampicin insensitivity of Spiroplasma citri and 
all other mollicutes tested was found to be associated with the 
presence of an asparagine residue at position 526 in RpoB. 
The importance of the asparagine residue was confirmed by 
site-directed mutagenesis of the histidine codon (CAC) to 
an asparagine codon (AAC) at position 526 of Escherichia coli 
RpoB, resulting in a rifampicin-resistant mutant (Gaurivaud 
et al., 1996). The genetic organization surrounding the rpoB 
gene in spiroplasmas is also atypical. In many bacteria, rpoB is 
part of the B operon in which the four genes rpIK, rplA, rplj, 
and rplL, encoding ribosomal proteins L11, L1, L10, and L12, 
respectively, are located immediately upstream of rpoB; rpoC is 
immediately downstream of rpoB. In Spiroplasma citri, the gene 
organization is different in that the hsdS gene, encoding a com- 
ponent of a type I restriction-modification system, is upstream 
of rpoB. Sequences showing similarities with insertion elements 
are found between AsdS and rpoB (Laigret et al., 1996). 
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DNA polymerases and other proteins involved in DNA rep- 
lication and repair. From genomic studies, it appears that 
Mycoplasma species carry the essential, multimeric enzyme for 
genomic DNA replication, DNA polymerase III. The subunit 
responsible for actual DNA biosynthesis is subunit a, encoded 
by polC (dnaE). The polC gene has been identified in all 
sequenced mollicute genomes, including Spiroplasma citri. The 
genes encoding the other subunits, dnaN (subunit B) and dnaX 
(subunits z and y), are also shared by the Spiroplasma and Myco- 
plasma species studied to date. So, it seems that spiroplasmas, 
like other mollicutes, possess DNA polymerase II and that it is 
probably the major DNA replication enzyme. However, there 
is also evidence for two additional DNA polymerases. A second 
gene for a DNA polymerase (enzyme B) was found in the Spiro- 
plasma citri genome and there is evidence that the Spiroplasma 
kunkelii polA gene may encode a full-length DNA polymerase 
I protein (Bai and Hogenhout, 2002). DNA polymerase I is a 
single polypeptide that has, in addition to DNA synthesis activ- 
ity, two exonuclease activities: exo-3' to 5' as well as exo-5' to 
9'. At this stage, it is not possible to determine the equivalence 
between the three spiroplasmal DNA polymerases identified by 
sequencing (Pol III, enzyme B, and Pol I) and those originally 
detected biochemically (ScA, ScB, ScC) (Charron et al., 1979, 
1982). As the Spiroplasma citri genome sequencing project has 
progressed, the following Spiroplasma citri genes involved in 
DNA replication have been detected: dnaA, dnaB, polA, dnak, 
polC, dnaN, dnaX, holB, dinB (truncated), dna], dnaK, gyrA, gyrB, 
parC, park, topA, rnhB, rnhC, rnpA, rnR, rnc, yrrc, xseA, xseB, and ssb 
(Carle et al., 2010; accession numbers AM285301-—AM285339). 
Genes encoding DNA replication proteins have also been iden- 
tified in Spiroplasma kunkelii (Bai and Hogenhout, 2002). Spiro- 
plasma citri is highly sensitive to UV irradiation (Labarére and 
Barroso, 1989) and the organism has no functional recA gene, 
since a significant portion of the C-terminal part of the gene is 
lacking (Marais et al., 1996). 


Origin of DNA replication. Even before the Spiroplasma 
citri genome project was initiated, some fragments with mul- 
tiple open reading frames had been completely sequenced. 
For example, Ye et al. (1994b) sequenced a 5.6 kbp fragment 
containing genes for the replication initiation protein (dnaA), 
the beta subunit of DNA polymerase III (dnaN), and the DNA 
gyrase subunits A and B (gyrA and gyrB). Several dnaA-box con- 
sensus sequences were found upstream and downstream of the 
dnaA gene. From these data, it was established that the dnaA 
region was the origin of replication in Spiroplasma citri (Ye et al., 
1994b). Zhao et al. (2004a) cloned a cell division gene cluster 
from Spiroplasma kunkelii and functionally characterized the key 
division gene, /fisZ,, and showed that it encodes a cell division 
protein similar to FtsZ proteins from other bacteria. 


Spiralin. Spiralin, encoded by the spi gene, is the major 
membrane protein of Spiroplasma citri (Wróblewski et al., 1977, 
1989). The deduced amino acid sequence of the protein (Bové 
et al., 1993; Chevalier et al., 1990; Saillard et al., 1990) corre- 
sponds well with the experimentally determined amino acid 
composition (Wróblewski et al., 1984). In particular, spiralin 
lacks tryptophan and, thus, has no UGG and/or UGA codons, 
which facilitates gene expression in Escherichia coli. Detailed 
analyses showed that all Spiroplasma citri spiralins were 241—242 
amino acids long (Foissac et al., 1996). A conserved central 
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region and an amino acid sequence repetition, including a 
VTKXE consensus sequence, are presentin all spiralins analyzed 
(Foissac et al., 19972). Spiralin confers a significant amount of 
the antigenic activity in group I spiroplasmas (Whitcomb et al., 
1983) and has a high degree of species specificity, although 
minor cross-reactions have been detected (Zaaria et al., 1990). 
The spiralin genes of Spiroplasma citri and Spiroplasma melliferum 
species, which have about 65% overall DNA-DNA hybridization, 
shared 89% nucleotide sequence identity and 7596 deduced 
amino acid sequence similarity (Bové et al., 1993). 

Spiralin mutants were constructed through homologous 
recombination in Spiroplasma citri to examine the role of spi- 
ralin in vivo (Duret et al., 2003). Phenotypic characterization 
of mutant 9a2 showed that, in spite of a total lack of spiralin, it 
maintained helicity and motility similar to the wild-type strain 
GII3 (Duret et al., 2003). When injected into the leafhopper 
vector, Circulifer haematoceps, the mutant multiplied to a high 
titer, but transmission efficiency to periwinkle plants was very 
low compared to the wild-type strain. In the infected plants, 
however, the spiralin-deficient mutant multiplied well and pro- 
duced the typical symptoms of the disease. In addition, prelimi- 
nary results indicated that the mutant could not be acquired 
by insects feeding on 9a2-infected plants, suggesting that spira- 
lin may mediate spiroplasma invasion of insect tissues (Duret 
et al., 2003). In order to test this possibility, Circulifer haemato- 
ceps leafhopper proteins were screened as putative Spiroplasma 
citv-binding molecules using Far-Western analysis (Killiny et al., 
2005).These experiments showed that spiralin is a lectin capa- 
ble of binding to insect 50 and 60 kDa mannose glycoproteins. 
Hence, spiralin could play a key role in insect transmission of 
Spiroplasma citri by mediating spiroplasma adherence to epithe- 
lial cells of the insect vector gut or salivary gland (Killiny et al., 
2005). This would also explain why the spiralin-negative mutant 
922 is poorly transmitted by the vector and is not acquired by 
insects feeding on 9a2-infected plants. 


Viruses. Four different virus types have been found in Spiro- 
plasma, SpV1-SpV4. Use of SpVI viruses for recombinant DNA 
studies in Spiroplasma citri is described later in the section on 
"Tools for molecular genetics of Spiroplasma citri". 

Cells of many spiroplasma species contain filamentous/rod- 
shaped viruses (SVCI = SpV1) that are associated with nonlytic 
infections (Bové et al., 1989; Ranhand et al., 1980; Renaudin 
and Bové, 1994). They belong to the Plectrovirus group within 
the Inoviridae. SpV1 viruses have circular, single-stranded DNA 
genomes (7.5 to 8.5 kbp), some of which have been sequenced 
(Renaudin and Bové, 1994). SpV1 sequences also occur as 
prophages in the genome of the majority of Spiroplasma citri 
strains studied (Renaudin and Bové, 1994). These insertions 
take place at numerous sites in the chromosomes of Spiroplasma 
citri (Ye et al., 1992) and Spiroplasma melliferum (Ye et al., 1994a). 
The SpV1-ORF3 and the repeat sequences could be part of an 
IS-like element of chromosomal origin. Resistance of spiroplas- 
mas to virus infection may be associated with integration of 
viral DNA sequences in the chromosome or extrachromosomal 
elements (Sha et al., 1995). The evolutionary history of these 
viruses is unclear, but there is some evidence for virus and plas- 
mid co-evolution in the group I Spiroplasma species (Gasparich 
et al., 1993a) and indications of potentially widespread horizon- 
tal transmission (Vaughn and de Vos, 1995). Virus infection of 
spiroplasma cells can pose problems in cultures. For example, 
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lyophilized early passages of Spiroplasma citri R8-A2" proved 
difficult to grow and electron microscopy revealed that these 
cells carried large numbers of virions of virus SpV1-R8A2 (Cole 
et al., 1974). Likewise, SpV1 viruses have been found in Spiro- 
plasma poulsonii (Cohen et al., 1987) and Spiroplasma melliferum 
(Liss and Cole., 1981); the Spiroplasma melliferum SpV1-KC3 
virus forms plaques on various strains of Spiroplasma melliferum, 
including the type strain BC-3". 

A second virus, reminiscent of a type B tailed bacterial virus, 
occurs in a small number of Spiroplasma citri strains (Cole et al., 
1973). This SCV2 (= SpV2) virus is a polyhedron with a long, 
noncontractile tail. It may be associated with lytic infection. 
Infections in which large numbers of virions of SpV2 viruses are 
produced tend to be irregular and difficult to maintain under 
experimental conditions, so this is the least studied of the spiro- 
plasma viruses. 

A third virus (SpV3) forms polyhedral virions with short 
tails and has been found in many strains of Spiroplasma citri 
(Cole, 1979, 1977, 1974). The SpV3 genome is a linear dou- 
ble-stranded DNA molecule of 16 kbp, which can circularize 
to form a covalently closed molecule with single-stranded gaps, 
indicating that the linear molecule has cohesive ends. There 
is significant diversity among SpV3 viruses, extending even to 
major differences in genome sizes. Virus SpV3-AV9/3 was iso- 
lated from Spiroplasma citri strain ASP-9 (Stephens, 1980). Dick- 
inson and Townsend (1984) isolated the SpV3 virus from plants 
infected with Spiroplasma citri. This virus, when plated on cells of 
Spiroplasma citri, had a plaque morphology typical of temperate 
phages. In spiroplasma cells that have been lysogenized, com- 
plete virus genomes may be integrated into the spiroplasma 
chromosome. These cells are then immune to superinfection 
by the lysogenizing virus, but susceptible to other SpV3 viruses. 
It is possible that lysogenization of Spiroplasma citri by SpV3-ai 
affects spiroplasma pathogenicity, particularly with respect to 
attenuation. Drosophila spiroplasmas, male-lethal or nonlethal, 
usually carry SpV3 viruses. Each strain of Drosophila spiroplasma 
carries an associated virus that is lytic to certain other strains 
(Oishi et al., 1984). 

A fourth virus (SpV4), with a naked, icosahedral nucleo- 
capsid 25 nm in diameter, was discovered (Ricard et al., 1982) 
in the B63 strain of Spiroplasma melliferum. SpV4 has a circu- 
lar, single-stranded DNA genome (Renaudin and Bové, 1994; 
Renaudin et al., 1984a, b) and is a lytic Spiromicrovirus within 
the Microviridae (Chipman et al., 1998). Infection with this virus 
results in very clear plaques, indicating a lytic process. Host 
range studies (Renaudin et al., 1984a, b) have shown that only 
Spiroplasma melliferum is susceptible to SpV4. Two strains of Spiro- 
plasma melliferum, including the type strain BC-3T and B63, are 
not susceptible, as no plaques were formed on lawns of these 
spiroplasmas. These strains could be infected by transfection 
suggesting that resistance to the whole virus occurred at the 
level of adsorption or penetration of the virus (Renaudin and 
Bové, 1994; Renaudin et al., 1984b). 


Genome sequencing. Genomic DNA sequencing efforts 
for two Spiroplasma species are in progress. For Spiroplasma citri 
GII3 (Carle et al., 2010; Saillard et al., 2008), assembly of 20,000 
sequencing reads obtained from shotgun and chromosome 
specific libraries yielded: (1) 39 chromosomal contigs totalling 
1525 kbp of the 1820 kbp Spiroplasma citri GII3 chromosome as 
well as (2) 8 circular contigs, which proved to represent seven 
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plasmids: pSciA (7.8 kbp), pScil to pSci6 (12.9 to 35.3 kbp), 
and one viral RF DNA (SVTS2). The chromosomal contigs con- 
tained 1905 putative genes or coding sequences (CDS). Of the 
CDS-encoded proteins, 29% are involved in cellular processes, 
cell metabolism, or cell structure. CDS for viral proteins and 
mobile elements represented 24% of the total, whereas 47% of 
the CDS were for hypothetical proteins with no known function; 
21% of the total CDS appeared truncated as compared to their 
bacterial orthologs. Families of paralogs were mainly clustered 
in a large region of the chromosome opposite the origin of rep- 
lication. Fighty-four CDS were assigned to transport functions, 
including phosphoenolpyruvate phosphotransferase systems 
(PTS), ATP binding cassette (ABC) transporters, and ferritin. In 
addition to the general enzymes EI and HPr, glucose- fructose- 
and trehalose-specific PTS permeases, and glycolytic and ATP 
synthesis pathways, Spiroplasma citri possesses a Sec-dependent 
protein export system and a nearly complete pathway for ter- 
penoid biosynthesis. The sequencing of the Spiroplasma kunkelii 
CR2-3x genome (1.55 Mb) is also nearing completion (http:// 
www.genome.ou.edu/spiro.html); the physical and genetic 
maps have been published (Dally et al., 2006). Several studies 
have begun to focus on gene content and genomic organiza- 
tion (Zhao et al., 2003, 2004a, b). Results show that, in addition 
to virus SpV1 DNA insertions, the Spiroplasma kunkelii genome 
harbors more purine and amino acid biosynthesis, transcrip- 
tional regulation, cell envelope, and DNA transport/binding 
genes than Mycoplasmataceae (e.g., Mycoplasma genitalium and 
Mycoplasma pneumoniae) genomes (Bai and Hogenhout, 2002). 


Plasmids. Several plasmids have been discovered in spiro- 
plasmas (Archer et al, 1981; Gasparich and Hackett, 1994; 
Gasparich et al., 1993a; Mouches et al., 1984a; Ranhand et al., 
1980). They are especially common in spiroplasmas of group 
I. Eight extrachromosomal elements, including seven plas- 
mids, were discovered during the Spiroplasma citri GII3 genome 
sequencing project. The six largest plasmids, pScil to pSci6, 
range from 12.9 to 35.3 kb (Saillard et al., 2008). Im silico 
analyses of plasmid sequences revealed that they share exten- 
sive regions of homology and display a mosaic gene organiza- 
tion. Genes encoding proteins of the TraD-TraG, TrsE-TraE, 
and Soj-ParA protein families, were predicted in most of the 
pSci sequences. The presence of such genes, usually involved 
in chromosome integration, cell to cell DNA transfer, or DNA 
element partitioning; suggests that these molecules could be 
inherited vertically as well as horizontally. The largest plasmid, 
pSci6, encodes P32 (Killiny et al., 2006), a membrane-associ- 
ated protein interestingly absent in all insect non-transmissible 
strains tested so far. The five remaining plasmids (pScil to 
pSci5) encode eight different Spiroplasma citri adhesion-related 
proteins. The complete sequences of plasmids pSKU146 from 
Spiroblasma kunkelii CR2-3x and pBJS-O from Spiroplasma citri 
BR3 have been reported (Davis et al., 2005; Joshi et al., 2005). 
These large plasmids, like the above Spiroplasma citri plasmids, 
encode an adhesin and components of a type IV translocation- 
related conjugation system. Characterizing the replication and 
stability regions of Spiroplasma citri plasmids resulted in the iden- 
tification of a novel replication protein, suggesting that Spiro- 
plasma citri plasmids belong to a new plasmid family and that 
the soj gene is involved in segregational stability of these plas- 
mids (Breton et al., 2008a). Similar replicons were detected in 
various spiroplasmas of group I, such as Spiroplasma melliferum, 
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Spiroplasma kunkelii, Spiroplasma sp. 277F, and Spiroplasma phoeni- 
ceum, showing that they are not restricted to plant pathogenic 
spiroplasmas. 


Tools for molecular genetics of Spiroplasma citri. Recent 
recombinant DNA tools are described in this section. 

Several reports have been published concerning the use 
of SpV1 viruses as tools to introduce recombinant DNA into 
spiroplasmas, including optimization of transfection conditions 
(Gasparich et al., 1993b). The replicative form of SpV1 was 
used to clone and express the Escherichia col-derived chloram- 
phenicol acetyltransferase (cat) gene in Spiroplasma citri. Both 
the replicative form (RF) and the virion DNA produced by the 
transfected cells contained the cat gene sequences (Stambur- 
ski et al., 1991). The G fragment of the Mycoplasma pneumoniae 
cytadhesin P1 gene could also be expressed in Spiroplasma citri 
(Marais et al., 1993) using a similar method. However, the 
recombinant RF proved unstable, resulting in the loss of the 
DNA insert (Marais et al., 1996). 

Recombinant plasmids have also been developed to intro- 
duce genes into Spiroplasma citri cells. The introduced genes 
include antibiotic resistance markers and wild-type genes to 
complement auxotrophic mutants. Most recombinant plas- 
mids contain the origin of DNA replication (oriC) of the Spiro- 
plasma citri chromosome (Ye et al., 1994b). One such plasmid 
is pBOTI (Renaudin, 2002; Renaudin et al., 1995). This plas- 
mid contains a 2 kbp oriC region, a tetracycline resistance gene 
(tetM) from Tn 916, and the linearized Escherichia coli plasmid 
pBS with a colEI origin of replication. Because of its two ori- 
gins of replication, oriC and colEI, pBOTI is able to shuttle 
between Spiroplasma citri and Escherichia coli. When introduced 
into Spiroplasma citri, pBOT1 replicates first as a free extrachro- 
mosomal element, but later integrates into the chromosome via 
homologous recombination involving a single crossover event 
in the oriC region. Once integrated into the host chromosome, 
the whole plasmid is stably maintained. Recent studies suggest 
that the broad host range Spiroplasma citri GII3 plasmids and 
their shuttle derivatives may have significant advantages over 
oriC plasmids for gene transfer and expression in spiroplasmas 
(Breton et al., 2008a). They transform Spiroplasma citri (as well 
as Spiroplasma kunkelii and Spiroplasma phoeniceum) strains at 
relatively high efficiencies, the growth of the transformants is 
not significantly affected, they do not integrate into the chro- 
mosome, and their stability/loss can be modulated depending 
upon the presence/absence of the soj gene. 

Spiroplasma citri mutants have been produced by random and 
targeted approaches. The transposon Tn4001 has been used 
successfully for random mutagenesis of Spiroplasma citri (Foissac 
et al., 1997c). For targeted gene inactivation, plasmids derived 
from pBOTI] have been used to disrupt genes (e.g., fructose 
operon, motility gene scm1) through homologous recombi- 
nation involving a single crossover event (Duret et al., 1999; 
Gaurivaud et al., 2000c). More recently, Lartigue et al. (2002) 
developed vector pC2, in which the oriC fragment was reduced 
to the minimal sequence needed to promote plasmid replica- 
tion; this vector increases recombination frequency at the tar- 
get gene. To avoid the extensive passaging that was required for 
recombination prior to transformant screening, vector pC55 
was designed using a selective tetracycline resistance marker 
that is only expressed after the plasmid has integrated into the 
chromosome at the target gene. This approach was used to 
inactivate the spiralin gene (spi) and the gene encoding the 
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IICB component of the glucose phosphotransferase system 
permease (pisG) (André et al., 2005; Duret et al., 2003; Lar- 
tigue et al., 2002). Another series of recombinant plasmids, the 
pGOT vectors, allow for selection of rare recombination events 
by using two distinct selective markers. First, transformants are 
screened for their resistance to gentamicin and next, site-spe- 
cific recombinants are selected for based on their resistance to 
tetracycline, which can only be expressed through recombina- 
tion at the target gene. In this way, inactivation of the crr gene, 
encoding the glucose phosphotransferase permease IIA compo- 
nent, was obtained (Duret et al., 2005). The use of the transpo- 
son yó TnpR/res recombination system to produce unmarked 
mutations (i.e., without insertion of antibiotic markers) in Spiro- 
plasma citri was demonstrated by the production of a disrupted 
arcA mutant (Duret et al., 2005); arcA encodes arginine deimi- 
nase. In this system, the target gene is disrupted by integration 
of a plasmid containing target gene sequences along with the 
tetM gene flanked by binding-specific recombination (res) sites. 
After integration of the plasmid, a second plasmid is introduced 
that encodes the resolvase TnpR. TnpR mediates the resolution 
of the cointegrate at the res sites, thereby removing /etM but 
leaving behind a mutated version of the target gene. The TnpR- 
encoding plasmid is lost spontaneously when selective pressure 
is removed. 


Antigenic structure. Growth inhibition tests (Whitcomb 
et al., 1982) were used in the early years to identify spiroplasma 
species or groups, but metabolism inhibition (Williamson et al., 
1979b; Williamson and Whitcomb, 1983) and deformation tests 
(Williamson et al., 1978) are now used almost exclusively (see 
below). 

Antigenic variability, which has been described for some 
Mycoplasma species (Rosengarten and Wise, 1990; Yogev et al., 
1991), has not been demonstrated in spiroplasmas (R. Rosen- 
garten, personal communication). 


Group classification. The classification of spiroplasmas was 
first proposed by Junca et al. (1980) and has been revised peri- 
odically (Tully et al., 1987; Williamson et al., 1998). These clas- 
sifications are based on serological reactions of the organisms 
in growth inhibition, deformation and metabolism inhibition 
tests and/or characteristics of their genomes. Development 
of a classification scheme has resulted in the delineation of 
spiroplasma groups and subgroups (Table 142). In the scheme, 
"groups" have been defined as clusters of similar organisms, 
all of which possess negligible DNA-DNA hybridization with 
representatives of other groups, but moderate to high levels of 
hybridization (20-100%) with each other. Groups are, there- 
fore, putative species. This level of genomic differentiation cor- 
relates well with substantial differences in serology. Thirty-four 
groups were presented in a revised classification of spiroplas- 
mas in 1998 (Williamson et al., 1998). Four additional groups 
(XXXV-XXXVIII) were proposed recently as the result of a 
global spiroplasma environmental survey (Whitcomb et al., 
2007) and more are anticipated (Jandhyam et al., 2008). Sub- 
groups have been defined by the International Committee on 
Systematics of Bacteria (ICSB) Subcommittee on the Taxonomy 
of Mollicutes (ICSB, 1984) as clusters of spiroplasma strains 
showing intermediate levels of intragroup DNA-DNA hybrid- 
ization (10-70%) and possessing corollary serological relation- 
ships. Three spiroplasma groups [group I (Junca et al., 1980; 
Saillard et al., 1987), group VIII (Gasparich et al., 1993c), and 
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TABLE 142. Biological properties of spiroplasmas* 
Group Spiroplasma Strain ATCC no. Morphology’ Genomes G+C* Arge Dt OptT* Host 
I S. citri R8-A2T 27556" Long helix 1820 26 + 4.1 32  Phloem/leafhopper 
1-2 S. melliferum BC-3T 33219" Long helix 1460 26 + 1.5 37 Honey bee 
r3 S. kunkelii E2757 293207 Long helix 1610 26 + 27.3 30 Phloem/leafhopper 
1-4 Spiroplasma sp. 277F 29761 Long helix 1620 26 + 2.3 32 Rabbit tick 
I-5 Spiroplasma sp. LB-12 33649 Long helix 1020 26 = 26.3 30 Plant bug 
L6 S. insolitum M55? 33502? Long helix 1810 28 = 7.2 30 Flower surface 
1-7 Spiroplasma sp. N525 33287 Long helix 1780 26 + 4.7 32 Green June beetle 
L8 S. phoeniceum P407 43115T Long helix 1860 26 * 16.8 30 Phloem/vector 
19 S. penaei SHRIMP? BAA-1082? Helix nd 29 + nd 28 Pacific white shrimp 
(CAIM 12527) 
II S. poulsonii DW-1* 431537 Long helix 1040 26 nd 15.8 30 Drosophila 
hemolymph 
HI S. floricola OMBG 29989" Helix 1270 26 - 0.9 37 Plant surface 
IV S. apis B317 33834" Helix 1300 30 + 1.1 34.5 Honey bee 
V S. mirum SMCAT 29335" Helix 1500 30 + 7.8 37 Rabbit tick 
VI S. ¿xodetis Y32T 33835" Tight coil 2220 25 = 9:2 30 Ixodid tick 
VII S. monobiae MOQ-1* 33825" Helix 940 28 _ 1.9 32 Monobia wasp 
VILl S. syrphidicola EA-1T 33826" Minute helix 1930 3 + 10 32 Syrphid fly 
VIIL3 Spiroplasma sp. TAAS-1 51123 Minute helix 1170 31 + 1.4 37 Horse fly 
VIII-2 S. chrysopicola DF-1* 432097 Minute helix 1270 29 + 6.4 30 Deer fly 
IX S. clarki CN-5T 33827" Helix 1720 29 + 4.3 30 Green June beetle 
x S. culicicola AES-17 851127 Short helix 1850 26 - 1.0 37 Mosquito 
XI S. velocicrescens MQ-4" 352627 Short helix 1480 26 - 0.6 37 Monobia wasp 
XII S. diabroticae DU-IT 432107 Helix 1350 25 + 0.9 32 Beetle 
XIII S. sabaudiense Ar-13437 433037 Helix 1175 29 + 4.1 30 Mosquito 
XIV S. corruscae EC-1" 432127 Helix nd 26 _ 1.5 32 Horse fly/beetle 
XV Spiroplasma sp. L25 45262 Wave-coil 1380 26 - 3.4 30 Leafhopper 
XVI-1 S. cantharicola CC-T 43207" Helix nd 26 = 2:6 32 Cantharid beetle 
XVI-2 Spiroplasma sp. CB-1 43208 Helix 1320 26 = 2.6 32 Cantharid beetle 
XVI-3 Spiroplasma sp. Ar-1357 51126 Helix nd 26 = 3.4 30 Mosquito 
XVII S. turonicum Tab4c! 7002717 Helix 1305 25 = nd 30 Horse fly 
XVIII S. litorale TN-1" 43211" Helix 1370 25 = 1.7 32 Horse fly 
XIX S. lampyridicola PUP-1* 43206" Unstable helix 1375 25 = 9.8 30 Firefly 
XX S. leptinotarsae LD-1* 432137 Motile funnel 1085 25 * 4.2 30 Colorado potato 
beetle 
XXI Spiroplasma sp. W115 45260 Helix 980 24 = 4.0 30 Flower surface 
XXII S. taiwanense CT-17 43302" Helix 1195 26 - 4.8 30 Mosquito 
XXIII S. gladiatoris TG-17 43525T Helix nd 26 - 4.1 31 Horse fly 
XXIV S. chinense CCH' 45960" Helix 1550 29 = 0.8 37 Flower surface 
XXV S. diminutum CUAS-1T 492357 Short helix 1080 26 = 1.0 32 Mosquito 
XXVI S. alleghenense PLHS-1* 51752T Helix 1465 31 + 6.4 30 Scorpion fly 
XXVII S. lineolae TALS-2T 517497 Helix 1390 25 - 5.6 30 Horse fly 
XXVII S. platyhelix PALS-17 517487 Wave-coil 780 9 + 64 30 Dragonfly 
XXIX Spiroplasma sp. TIUS-1 51751 Rare helices 840 28 - 3.6 30 Tiphiid wasp 
XXX Spiroplasma sp. BIUS-1 51750 Late helices nd 28 = 0.9 37 Flower surface 
XXXI S. montanense HYOS-1* 51745T Helix 1225 28 + 0.7 32 Horse fly 
XXXII S. helicoides TABS-2T 51746" Helix nd 27 = 3.0 32 Horse fly 
XXXII S. tabanidicola TAUS-1" 51747" Helix 1375 26 ú 3.7 30 Horse fly 
XXXIV Spiroplasma sp. B1901 700283 Helix 1295 25 = nd nd Horse fly 
XXXV Spiroplasma sp. BARC 4886 BAA-1183 Helix nd nd = 0.6 32 Horse fly 
XXXVI Spiroplasma sp. BARC 4900 BAA-1184 Helix nd nd = 1.0 30 Horse fly 
XXXVII Spiroplasma sp. BARC 4908 BAA-1187 Helix nd nd = 1.2 32 Horse fly 
XXXVIII Spiroplasma sp. GSU5450 BAA-1188 Helix nd nd u 1.5 32 Horse fly 
Nd S. atrichopogonis GNAT3597" BAA-520" (NBRC Helix nd 28 + nd 30 Biting midge 
1003907) 
Nd S. leucomae SMAT BAA-5217 (NBRC Helix nd 24 + nd 30 Satin moth 
100392") 


and, Not determined. 


"For descriptions of morphotypes, see text. 


“Genome size (kbp). 

DNA G+C content (mol%). 
**, Catabolizes arginine. 
‘Doubling time (h) (Konai et al., 1996a). 


*Optimum growth temperature (°C). 
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group XVI (Abalain-Colloc et al., 1993) ] have been divided into 
a total of 15 subgroups. “Serovars” have been defined as geno- 
typic clusters varying substantially in metabolism inhibition and 
deformation serology, but that are insufficiently differentiated 
from members of existing groups or subgroups to warrant sepa- 
ration. However, with the discovery of a large number of strains 
for some groups (e.g., group VIII), the serovar/subgroup pic- 
ture has become very confused (Regassa et al., 2004; see Phylog- 
eny, below). 


Procedures for species descriptions and minimal standards. 
Species descriptions of spiroplasmas have been in accord with 
recommendations of minimum standards proposed by the ICSP 
(International Committee on Systematics of Prokaryotes) Sub- 
committee on the Taxonomy of Mollicutes (Brown et al., 2007). 


Cloning. Production of spiroplasma lineages produced 
from a single cell or clonings are performed largely by serial 
dilution of filtered cultures using 96-well microtiter plates 
(Whitcomb et al., 1986; Whitcomb and Hackett, 1987). At a 
certain dilution, which varies from plating to plating, the mean 
number of cells per well decreases so that fewer than about 8 of 
the 96-wells support growth of a spiroplasma clone. Very prob- 
ably, such clones arise from a single spiroplasmal cell. 


Cellular morphology. Using dark-field microscopy, cultures 
should appear helical and motile during at least one growth 
phase (see “Morphology” and “Motility” above). However, mor- 
phological exceptions do occur (see “Differentiating charac- 
ters” below and reviewed by Gasparich et al., 2004). 


16S rRNA gene sequence analysis. Preliminary identifica- 
tion is performed by PCR amplification using universal 16S 
rRNA (Gasparich et al., 2004) or other described primers (e.g., 
Fukatsu and Nikoh, 1998; Jandhyam, 2008). DNA sequence 
analysis using a BLAST search provides preliminary placement 
within the genus Spiroplasma. Those strains showing close phylo- 
genetic relationships based on 16S rRNA gene sequence analy- 
ses should then be screened using serological tests. 


Serological tests. The deformation test (Williamson et al., 
1978) is used routinely for serological analyses. Reciprocal titers 
of 2320 are generally required for definitive group placement. 
Deformation is defined as entire or partial loss of helicity. At the 
end point, cells are often seen in which an unaffected part of the 
helical filament exhibits flexing motility despite the presence of 
a bleb on another part of the cell. The deformation titer is the 
reciprocal of the final antiserum dilution that exhibits defor- 
mation of 25046 of the cells. Antiserum should be produced 
for any strain thought to represent a novel serogroup and any 
positive test against characterized groups requires a recriprocal 
test using the newly prepared antiserum. 

The high levels of specificity and sensitivity of the metabo- 
lism inhibition test make it especially useful for defining groups 
and subgroups (Williamson et al., 1979b; Williamson and Whit- 
comb, 1983). Other serological tests have also been employed 
for characterization of spiroplasmas. Growth inhibition tests 
were used for delineation of spiroplasma groups I through XI 
(Whitcomb et al., 1982), but were not used thereafter. Growth 
inhibition tests are problematic for spiroplasmas because they 
require development of procedures for obtaining colonies. The 
spiroplasma motility inhibition test (Hackett et al., 1997) has 
proved useful for determination of intraspecific variation in 
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Spiroplasma leptinotarsae. ELISA has been used for detection of 
Spiroplasma kunkelii (Gordon et al., 1985) and Spiroplasma citri 
(Saillard and Bové, 1983). 


Optimum growth temperature. Optimal growth tempera- 
tures between 10 and 41°C have been determined (Konai et al., 
19962). 


Substrate metabolism. The ability to ferment glucose and 
produce acid must be examined (Aluotto et al., 1970). The 
ability to hydrolyze arginine and produce ammonia should be 
assessed (Barile, 1983). See the section on "Biochemical reac- 
tions" above for more details. 


Ecology. The species description must include ecological 
information such as isolation site within the host and cultiva- 
tion conditions, common and binomial host name, geographi- 
cal location of host (with GPS), any known interaction between 
the spiroplasma and its host, and, in the case of a pathogen, 
disease symptoms observed. 

Antibiotic sensitivities. In early studies (Bowyer and Cala- 
van, 1974; Liao and Chen, 1981b), spiroplasmas proved to be 
especially sensitive ¿n vitro to tetracycline, erythromycin, tylosin, 
tobramycin, and lincomycin. Strains have been isolated that are 
permanently resistant to kanamycin, neomycin, gentamicin, 
erythromycin, and several tetracycline antibiotics (Liao and 
Chen, 1981b). Insensitivity to rifampicin has been studied in 
relation to its inhibition of transcription (see “RNA polymerase 
and spiroplasmal insensitivity to rifampicin" above) and penicil- 
lin insensitivity is seen for all spiroplasmas due to the lack of a 
cell wall. Natural amphipathic peptides such as Gramicidin S 
alter the membrane potential of spiroplasma cells and induce 
the loss of cell motility and helicity (Bévén and Wróblewski, 
1997). The toxicity of the lipopeptide antibiotic globomycin was 
found to be correlated with an inhibition of spiralin processing 
(Bévén et al., 1996). As with Gramicidin S, the antibiotic was 
effective against spiroplasmas, but not Mycoplasma mycoides. Nat- 
ural 18-residue peptaibols (trichorzins PA) are bacteriocidal to 
spiroplasmas (Bévén et al., 1998). The mode of action appears 
to be permeabilization of the host cell membrane. 


Hosts, ecology, and pathogenicity 


Hosts. Almost all spiroplasmas have been found to be asso- 
ciated with arthropods or an arthropod connection is strongly 
suspected. Hackett et al. (1990) searched for mollicutes in a 
wide variety of insect orders. Isolates were obtained from six 
orders and 14 insect families. Only one of these orders, Odo- 
nata (dragonflies), was primitive (heterometabolous) and it was 
speculated that the spiroplasma from a dragonfly host might 
have been acquired via predation. Hackett et al. (1990) sug- 
gested that the Spiroplasma/ Entomoplasma clade may have arisen 
in a paraneopteran-holometabolan ancestor, coevolved with 
these orders, and never adapted to more primitive insect orders. 
Some insect families have an especially rich spiroplasma, ento- 
moplasma, and mesoplasma flora. 


Insect gut. The majority of spiroplasmas appear to be main- 
tained in an insect gut/plant surface cycle. Clark (1984) hypoth- 
esized several types of gut infection in which persistence in the 
gut and the ability to invade hemolymph varied among spiro- 
plasma species. It has been hypothesized (Hackett and Clark, 
1989) that the gut cycle was primitive and that other cycles were 
derived from it. Spiroplasmas have been isolated from guts of 
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tabanids (Diptera: Tabanidae) worldwide (French et al., 1997, 
1990, 1996; Jandhyam et al., 2008; Le Goff et al., 1991, 1995; 
Regassa and Gasparich, 2006; Vazeille-Falcoz et al., 1997; Whit- 
comb et al., 1997a). Examination of diversity trends among the 
tabanid isolates suggests that spiroplasma diversity increases 
with temperature, resulting in more diversity in southern 
climes in the Northern Hemisphere (Whitcomb et al., 2007). 
Although evidence points strongly to multiple cycles of hori- 
zontal transmission, the sites where such transmission occurs 
remain unknown. However, some tabanids utilize honeydew 
(excreta of sucking insects) deposited on leaf surfaces, suggest- 
ing a possible transmission mechanism. Mosquitoes (Chastel 
and Humphery-Smith, 1991) are also common spiroplasma 
hosts (Lindh et al., 2005). Additionally, spiroplasmas inhabit the 
gut of ground beetles (Harpalus pensylvanicus and Anisodactylus 
sanctaecrucis) as evidenced by 16S rRNA gene sequence analysis 
of the digestive tract bacterial flora (Lundgren et al., 2007). 


Plant surfaces. Flowers and other plant surfaces represent a 
major site where spiroplasmas and other microbes are transmit- 
ted from insect to insect (Clark, 1978; Davis, 1978; McCoy et al., 
1979). Members of several spiroplasma groups have been iso- 
lated only from flowers and strains of several other spiroplasmas 
have been isolated from both insects and flowers. Biological 
evidence suggests that mosquito spiroplasmas are transmitted 
from insect to insect on flowers (Chastel et al., 1990; Le Goff 
etal., 1990). It is not known whether any of the so-called “flower 
spiroplasmas” can exist as true epiphytes. Isolations of spiroplas- 
mas from a variety of insects (Clark, 1982; Hackett et al., 1990) 
suggest that it is likely that many or most of these flower isolates 
are deposited passively by visiting arthropods. 


Plant phloem and sucking insects. Several spiroplasmas pos- 
sess a life cycle that involves infection of plant phloem and 
homopterous insects (Bové, 1997; Fletcher et al., 1998; Garnier 
et al., 2001; Saglio and Whitcomb, 1979). In the course of pas- 
sage through the insect, spiroplasmas pass through, accumu- 
late, or multiply in gut epithelial cells and salivary cells. They 
also accumulate in the insect neurolemma. Large accumula- 
tions of spiroplasma cells occur frequently in the hemolymph, 
where they undoubtedly multiply (Whitcomb and Williamson, 
1979). Spiroplasmas may multiply in a number of sucking insect 
species that have been exposed to diseased plants, but often 
only a single vector or several vector species transmit spiroplas- 
mal pathogens from plant to plant (summarized in Calavan and 
Bové, 1989; Whitcomb, 1989; Kersting and Sengonca, 1992). 


Sex ratio organisms. Once thought to be a genetic factor, the 
sex ratio trait in Drosophila was shown by Poulson and Sakaguchi 
(1961) to be induced by a micro-organism, Spiroplasma poulsonii 
(Williamson et al., 1999). A number of other spiroplasmas in a 
variety of insect hosts have been identified that also cause sex 
ratio distortions, including isolates from the chrysomelid beetle 
Adalia bipunctata (Hurst and Jiggins, 2000; Hurst et al., 1999) 
and the butterfly Danaus chrysippus (Jiggins et al., 2000). In 
addition, 16S rRNA gene sequence analysis identified spiroplas- 
mas as the causative agent for male-killing: in a population of 
Harmonia axyridis (ladybird beetle) in Japan (Nakamura et al., 
2005); in populations of Drosophila neocardini, Drosophila ornati- 
frons and Drosophila paraguayensis from Brazil (Montenegro 
et al., 2006, 2005); in populations of Anisosticta novemdecimpunc- 
tata (ladybird beetle) in Britain (Tinsley and Majerus, 2006); in 
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a population of Adalia bipunctata (Sokolova et al., 2002); in sev- 
eral strains from the Tucson Drosophila stock culture collection 
(Mateos et al., 2006); and in Drosophila melanogaster populations 
from Uganda and Brazil (Pool et al., 2006). Other organisms 
closely associated with their insect hosts were discovered infer- 
entially by PCR studies (Fukatsu and Nikoh, 2000, 2001) and 
also appear to be related to Spiroplasma mirum. They also cause 
preferential male killing in an infected Drosophila population 
(Anbutsu and Fukatsu, 2003). Natural infection rates of male- 
killing spiroplasmas in Drosophila melanogaster are about 2.3%, 
as determined for a Brazilian population (Montenegro et al., 
2005), and vary between 0.1 and 3% for Japanese populations 
of Drosophila hydei (Kageyama et al., 2006). The male-killing 
spiroplasma strain isolated from Adalia bipunctata was used to 
artificially infect eight different coccinellid beetle species. The 
data suggest that host range could serve to limit horizontal 
transfer to closely related host species (Tinsley and Majerus, 
2007). Supporting this hypothesis was the study that showed 
the interspecific lateral transmission of spiroplasmas from 
Drosophila nebulosa to Drosophila willistoni via ectoparasitic mites 
(Jaenike et al., 2007). A recent multilocus analysis by Haselkorn 
et al. (2009) showed that Drosophila species are infected with at 
least four distinct spiroplasma haplotypes. 

Studies on Drosophila infections by the sex-ratio organism 
showed that it did not induce the innate immunity of the insect 
(Hurst et al., 2003). The sex-ratio spiroplasmas have been shown 
to be vertically transmitted through female hosts, with spiroplas- 
mas present during oogenesis (Anbutsu and Fukatsu, 2003). 
Although the exact mechanism of male-killing has not been 
determined, studies have shown that male killing occurs shortly 
after formation ofthe host dosage compensation complex (Bent- 
ley et al., 2007) and that male Drosophila melanogaster mutants 
lacking any of the five genes involved in the dosage compensa- 
tion complex are not killed (Veneti et al., 2005). In the Kenyan 
butterfly Danaus chrysippus, a correlation between male killing 
and a recessive allele for a gene controlling infection suscepti- 
bility has been reported. Moreover, infections seemed to have a 
negative effect on body size (Herren et al., 2007). 


Ticks. Three Spiroplasma species have been isolated from 
ticks. Two of these, Spiroplasma mirum and Spiroplasma sp. 277F, 
are from the rabbit tick Haemaphysalis leporispalustris (Tully et al., 
1982; Williamson et al., 1989). The third species was isolated 
from Ixodes pacificus ticks and named Spiroplasma ixodetis (Tully 
et al., 1995). 16S rRNA gene sequence analysis of spiroplasmas 
originally isolated from Ixodes ticks and growing in a Buffalo 
Green Monkey mammalian cell culture line showed a high 
degree of identity with the Spiroplasma ixodetis 16S rRNA gene 
(Henning et al., 2006). Analysis of the 16S rRNA gene sequence 
from DNA extracted from unfed Ixodes ovatus from Japan indi- 
cated the presence of spiroplasmas that were also closely related 
to Spiroplasma ixodetis (Taroura et al., 2005). The ability of tick 
spiroplasmas, including Spiroplasma ixodetis, to multiply at 37°C 
reflects the role of vertebrates as tick hosts. The ability of Spiro- 
plasma ixodetis to grow at 32°C as well as 37°C (Tully et al., 1982) 
may reflect the ecology of some of the cold-blooded vertebrate 
hosts of these ticks. There is no evidence that any of these spiro- 
plasmas are transmitted to vertebrate hosts of the ticks. 


Crustaceans. Spiroplasma sp. have recently been isolated in 
both freshwater and salt-water crustaceans. 
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Spiroplasma penaei (strain SHRIMP?) was isolated from the 
hemolymph of Pacific white shrimp (Penaeus vannamei) after 
high mortalities were observed in an aquaculture pond in 
Columbia, South America (Nunan et al., 2004). The patho- 
genic agent was the spiroplasma (Nunan et al., 2005). Although 
not cultivated, 16S rRNA gene sequence analysis also revealed 
the presence of spiroplasmas in the gut of the hydrothermal 
shrimp Rimicaris exoculata (Zbinden and Cambon-Bonavita, 
2003). In another outbreak, Chinese mitten crab (Eriocheir sin- 
ensis) reared in aquaculture ponds in China became infected 
with tremor disease. The causative agent was determined to be 
a spiroplasma with 9996 16S rRNA gene sequence identity to 
Spiroplasma mirum (Wang et al., 20042, b). However, recent stud- 
ies suggest that the infective agent may be a species similar to, 
but distinct from, Spiroplasma mirum (Bi et al., 2008). The same 
organism also infects red swamp crayfish (Procambarus clarkii) 
that are co-reared with the Chinese mitten crab (Bi et al., 2008; 
Wang et al., 2005) as well as the shrimp Penaeus vannamei (Bi 
et al., 2008). 


Other hosts. Spiroplasmas have been identified in a variety of 
other hosts, although not necessarily linked to the gut habitat. 
The first spiroplasma isolated from a lepidopteran came from 
the hemolymph of white satin moth larvae (Leucoma salicis L.) 
from Poland (designated strain SMA") and was serologically dis- 
tinct from any previously described spiroplasma group (Oduori 
et al., 2005). Another novel spiroplasma (designated strain 
GNAT35977) was isolated from biting midges from the genus 
Atrichopogon (Koerber et al., 2005). Spiroplasmas that are closely 
related to the male-killing spiroplasmas in ladybird beetles 
(Majerus et al., 1999; Tinsley and Majerus, 2006) have also been 
identified in the predatory mite Neoseiulus californicus using 16S 
rRNA gene sequence analysis (Enigl and Schausberger, 2007). 
A broad survey of 16 spider families for the presence of endo- 
symbionts using 16S rRNA gene sequence analysis revealed 
that six families contained spiroplasmas, including Agelenidae, 
Araneidae, Gnaphosidae, Linyphiidae, Lycosidae, and Tetragnathidae 
(Goodacre et al., 2006). 


Biogeography. Spiroplasmas have been identified from hosts 
in Africa, Asia, Australia, Europe, South America, and North 
America. While they are worldwide in distribution, studies sug- 
gest that biodiversity may be greatest in warm climates (Whit- 
comb et al., 2007). Because spiroplasmas are host-associated, it 
seems reasonable that Spiroplasma species distribution would be 
limited by host biogeography. Early studies indicated that some 
spiroplasmas have discrete geographic distributions (Whitcomb 
et al., 1990). As the diversity of sampling sites increases, the 
view of spiroplasma biogeography is likely to shift (Regassa and 
Gasparich, 2006). Distinct distributions may exist, but probably 
on a larger geographic scale. While it is not clear what factors 
account for spiroplasma ranges, the level of host specificity and 
host overwintering ranges may contribute to the biogeography 
of Spiroplasma species (Whitcomb et al., 2007). 


Pathogenicity. Symptoms of infection and confirmation of 
Koch’s postulates have been reported for the etiologic roles of: 
Spiroplasma citri in “stubborn” disease of citrus (Calavan and 
Bové, 1989; Markham et al., 1974); corn stunt spiroplasma 
(Chen and Liao, 1975; Nault and Bradfute, 1979; William- 
son and Whitcomb, 1975); Spiroplasma phoeniceum in aster, an 
experimental host (Saillard et al., 1987); Spiroplasma poulsonii 
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in Drosophila pseudoobscura (Williamson et al., 1989); Spiroplasma 
penaeiin Penaeus vannamei (Nunan et al., 2005); and Spiroplasma 
eriocheiris (Wang et al., 2010) in the Chinese mitten crab, Eriocheir 
sinensis (Wang et al., 2004b). Recent studies have focused on 
spiroplasma infection and replication in the midgut and Mal- 
pighian tubules of leafhoppers (Ozbek et al., 2003). The use 
of immunofluorescence confocal laser scanning microscopy 
has revealed the presence of Spiroplasma kunkelii in the midgut, 
filter chamber, Malpighian tubules, hindgut, fat tissues, hemo- 
cytes, muscle, trachea, and salivary glands of leafhopper hosts, 
but not in the nerve cells of the brain or nerve ganglia (Ammar 
and Hogenhout., 2005). Plant spiroplasmas may also be patho- 
genic for unusual vectors (Whitcomb and Williamson, 1979), 
but are much less so for their usual host (Madden and Nault, 
1983; Nault et al., 1984). In fact, some spiroplasmas are benefi- 
cial to their leafhopper hosts (Ebbert and Nault, 1994) and it 
has been hypothesized that infection plays an important role in 
the host's overwintering strategies (Moya-Raygoza et al., 2007a, 
b; Summers et al., 2004). 

Spiroplasma mirum is experimentally pathogenic for a variety 
of suckling animals, causing cataract and other ocular symp- 
toms, neural pathology (Clark and Rorke, 1979), and malig- 
nant transformation in cultured cells (Kotani et al., 1990). 
Spiroplasma melliferum also persists and causes pathology in suck- 
ling mice (Chastel et al., 1990, 1991). Spiroplasma eriocheiris is 
neurotropic to brain tissue in experimentally injected chicken 
embryos (Wang et al., 2003). There are two recent reports of 
spiroplasmas in aquatic invertebrates. Nunan et al. (2005) char- 
acterized a spiroplasma in commercially raised shrimp that led 
to a lethal disease. Spiroplasma melliferum and Spiroplasma apis 
cause disease in honey bees (Clark, 1977; Mouches et al., 1982a, 
1983a). Intrathoracic inoculation of Spiroplasma taiwanense 
reduced the survival and impaired the flight capacity of inocu- 
lated mosquitoes (Humphery-Smith et al., 1991a), and inocula- 
tion of Spiroplasma taiwanense per os decreased the survival of 
mosquito larvae in laboratory trials (Humphery-Smith et al., 
1991b). Spiroplasma poulsonii causes sex ratio abnormalities 
(male-killing) in Drosophila (Williamson and Poulson, 1979). 
Male-killing spiroplasma strains related to Spiroplasma poulsoni 
cause necrosis in neuroblastic and fibroblastic cells (Kuroda 
et al., 1992). The significance of some biological properties of 
spiroplasmas is incompletely understood. For example, mem- 
branes of Spiroplasma monobiae are potent inducers of tumor 
necrosis factor alpha secretion and of blast transformation 
(Sher et al., 1990a, b) in insect cell culture. 

Spiroplasmas are implicated by circumstantial evidence, in 
the view of some workers, to be associated with human disease. 
Bastian first claimed in 1979 that spiroplasmas were associ- 
ated with Creutzfeldt-Jakob Disease (CJD), an extremely rare 
scrapie-like disease of humans (Bastian, 1979). Bastian and 
Foster (2001) reported finding spiroplasma 16S rRNA genes in 
CJD- and scrapie-infected brains that were not observed in con- 
trols. More recent studies (Bastian et al., 2004) presented evi- 
dence to show that spiroplasma 16S rRNA genes were found in 
brain tissue samples from scrapie-infected sheep, chronic wast- 
ing disease-infected cervids, and CJD-infected humans. All the 
brain tissues from non-infected controls were negative for spiro- 
plasmal DNA. These authors further showed that the sequence 
of the PCR products from the infected brains was 96% identi- 
cal to the Spiroplasma mirum 16S rRNA gene. However, these 
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results could not be replicated in an independent blind study of 
uninfected and Scrapie-infected hamster brains using the same 
primers (Alexeeva et al., 2006). A recent study to fulfill Koch’s 
postulate reported the transfer of spiroplasma from transmis- 
sible spongiform encephalopathy (TSE) brains and Spiroplasma 
mirum to induce spongiform encephalopathy in ruminants 
(Bastian et al., 2007). The current status of the involvement of 
spiroplasmas in TSE is the subject of recent reviews (Bastian, 
2005; Bastian and Fermin, 2005). Other proposed connections 
between mollicutes and human disease have been evaluated by 
Baseman and Tully (1997). 


Mechanism of Spiroplasma citri phytopathogenicity. Transpo- 
son (Tn4001) mutants have been examined extensively to elu- 
cidate the molecular mechanisms associated with Spiroplasma 
citri phytopathogenicity. One of these mutants, GMT553, high- 
lighted the involvement of selective carbohydrate utilization in 
Spiroplasma citri pathogenicity (see review by Bové et al., 2003). 
When introduced into periwinkle plants via injected leafhop- 
pers (Circulifer haematoceps), GMT553 multiplied in the plants 
as actively as wild-type Spiroplasma citri strain GII3, but did not 
induce symptoms (Foissac et al., 1997b, c; Gaurivaud et al., 
2000b). In this mutant, the transposon was found to be inserted 
in fruR, a transcriptional activator of the fructose operon (fru- 
RAK; Gaurivaud et al., 2000a). The second gene of the operon, 
fruA, encodes fructose permease, which enables uptake of 
fructose; and the third gene, fruK, encodes 1-phosphofructoki- 
nase. In mutant GM T553, transcription of the fructose operon 
is abolished and, hence, the mutant cannot utilize fructose as 
a carbon or energy source (Gaurivaud et al., 2000a). Mutant 
GMT553 was functionally complemented for fructose utiliza- 
tion and phytopathogenicity in trans by a recombinant fruk- 
fruA—-fruK operon, fruA-fruK partial operon, or fruA alone, but 
not fruR or fruR—-fruA (Gaurivaud et al., 2000a, b). It should be 
pointed out that both fructose* and fructose” spiroplasmas are 
able to utilize glucose. 

Further insight into Spiroplasma citriphytopathogenicity in rela- 
tion to sugar metabolism comes from the production of a spiro- 
plasma mutant unable to use glucose (André et al., 2005). The 
import of glucose into Spiroplasma citri cells involves a phospho- 
transferase (PTS) system composed of two distinct polypeptides 
encoded by (1) err (glucose PTS permease IAS: component) 
and (2) ptsG (glucose PTS permease IICB“ component). A ptsG 
mutant (GII3-glcl) proved unable to import glucose. When 
introduced into periwinkle (Catharanthus roseus) plants through 
leafhopper transmission, the mutant induced severe symptoms 
similar to those obtained with wild-type GII3, in strong contrast 
to the fructose operon mutant, GMT553, which was virtually 
non-pathogenic. These results indicated that fructose and glu- 
cose utilization were not equally involved in pathogenicity and 
are consistent with biochemical data showing that, in the pres- 
ence of both sugars, Spiroplasma citri preferentially used fructose. 
NMR analyses of carbohydrates in plant extracts revealed the 
accumulation of soluble sugars, particularly glucose, in plants 
infected by wild-type Spiroplasma citri GII3 or GII3-glc1, but not 
in those infected by GMT553. In the infected plant, Spiroplasma 
citri cells are restricted to the sieve tubes. In the companion cell, 
sucrose is cleaved by invertase to fructose and glucose. In the 
sieve tube, wild-type Spiroplasma citri cells will use fructose prefer- 
entially over glucose leading to a decreased fructose concentra- 
tion and, consequently, to an increase of invertase activity, which 
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in turn results in glucose accumulation. Glucose accumulation 
is known to induce stunting and repression of photosynthesis 
genes in Arabidopsis thaliana. Such symptoms are precisely those 
observed in periwinkle plants infected by wild-type Spiroplasma 
citri (André et al., 2005). 

Genes that are up- or down-regulated in plants following 
infection with Spiroplasma citri have been studied by differential 
display analysis of mRNAs in healthy and symptomatic periwin- 
kle plants (Jagoueix-Eveillard et al., 2001). Expression of the 
transketolase gene was inhibited in plants infected by the wild- 
type spiroplasma, but not by the non-phytopathogenic mutant 
GMT553, further indicating that sugar metabolism and trans- 
port are important factors in pathogenicity. Sugar PTS system 
permeases have been shown to be important in rapid adapta- 
tion to sugar differences between plant host and insect vector 
(André et al., 2003). 


Leafhopper transmission of Spiroplasma citri. Spiroplasmas 
are acquired by leafhopper vectors that imbibe sap from the 
sieve tubes of infected plants. However, in order to be trans- 
mitted to a plant, the mollicutes need first to multiply in the 
insect vector after crossing the gut barrier (Wayadande and 
Fletcher, 1995). They multiply to high titers (10°-107/ml) in 
the insect hemolymph, but only when they have reached the 
salivary glands can they be inoculated into a plant. One gene 
required for efficient transmission, sc76, was inactivated in a 
transposon mutant (G76) with reduced transmissibility (Bou- 
tareaud et al., 2004); sc76 encodes a putative lipoprotein. Plants 
infected with the G76 mutant showed symptoms 4-5 weeks 
later than those infected with wild-type GII3, but when they 
appeared, the symptoms induced were severe. Mutant G76 mul- 
tiplied in plants and leafhoppers as efficiently as the wild-type 
strain. However, leafhoppers injected with the wild-type spiro- 
plasma transmitted the spiroplasma to 10046 of exposed plants. 
In contrast, those injected with mutant G76 infected only 5096 
of the plants. This inefficiency was shown to be associated with 
a numerical decrease in spiroplasma cells in the salivary glands 
that correlated with reduced output from the stylets of trans- 
mitting leafhoppers; the number of mutant cells transmitted 
through Parafilm membranes was less than 5% of numbers of 
wild-type cells transmitted based on colony-forming units. Func- 
tional complementation of the G76 mutant with the sc76 gene 
restored the wild-type phenotype. Because both wild-type and 
mutant cells multiplied to equally high titers in the hemolymph, 
the results suggest that the mutant is inefficiently passed from 
the hemolymph into the salivary glands or that it may multiply 
to a lower titer in the glands. 

Transmission of Spiroplasma citri by leafhopper vectors must 
involve adherence to and invasion of insect host cells. Elec- 
tron microscopic studies of leafhopper midgut by Ammar 
et al. (2004) have demonstrated the attachment of Spiroplasma 
kunkelii cells by a tip structure to the cell membrane between 
microvilli of epithelial cells. Spiroplasma citri surface protein P89 
was shown to mediate adhesion of the spiroplasma to cells of 
the vector Circulifer tenellus and was designated SARPI (Berg 
et al., 2001; Yu et al., 2000). The gene encoding SARPI, arp1, 
was cloned and characterized from Spiroplasma citri BR3-T. The 
putative gene product SARPI contains a novel domain at the 
N terminus, called “sarpin” (Berg et al., 2001). The arpl gene 
is located on plasmid pBJS-O in Spiroplasma citri (Joshi et al., 
2005). The Spiroplasma kunkelii plasmid pSKU146 encodes an 
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adhesin that is a homolog of SARP1 (Davis et al., 2005). Other 
spiroplasma plasmids encode additional adhesin-related pro- 
teins. As indicated above (see Plasmids), Spiroplasma citri GU3 
contains six large plasmids, pScil to pSci6 (Saillard et al., 
2008). Although plasmids pScil to pSci5 encode eight differ- 
ent Spiroplasma citri adhesin-related proteins (SCARPs), they 
are not required for insect transmission (Berho et al., 2006b). 
One of the ScARPs, protein P80, shared 63% similarity and 
4596 identity with SARPI. Protein P80 is carried by plasmid 
pSci4 and has been named ScARP4a. The ScARP-encoding 
genes could not be detected in DNA from non-transmissible 
strains (Berho et al., 2006b). Sequence alignments of ScARP 
proteins revealed that they share common features including 
a conserved signal peptide followed by six to eight repeats of 
39-42 amino acids each, a central conserved region of 330 
amino acids, and a transmembrane domain at the C terminus 
(Saillard et al., 2008). 

Plasmid pSci6 carries the gene for protein P32, which is pres- 
ent in all Spiroplasma citristrains capable of being transmitted by 
the leafhopper vector Circulifer haematoceps, but absent from all 
non-transmissible strains (Killiny et al., 2006). Complementa- 
tion studies with P32 alone did not restore transmissibility (Kill- 
iny et al., 2006). However, if the pSci6 plasmid was transferred 
to an insectnon-transmissible Spiroplasma citri strain, then the 
phenotype could be converted to insect-transmissible, indicat- 
ing the likely presence of additional transmissibility factors on 
pSci6 (Berho et al., 2006a). Indeed, recent data indicates that 
factors essential for transmissibility are encoded by a 10 kbp 
fragment of pSci6 (Breton et al., 2010). The finding that the 
insect-transmissible strain Spiroplasma citri Alc254 contains only 
a single plasmid, pSci6 (S. Richard and J. Renaudin, unpub- 
lished) also reinforces the hypothesis that pSci6-encoded deter- 
minants play a key role in insect transmission of Spiroplasma citri 
by its leafhopper vector. 


Enrichment and isolation procedures 


Isolation. Success in the isolation of fastidious spiroplasmas is 
influenced strongly by the titer of the inoculum. Spiroplasmas 
have been isolated from salivary glands, gut, and nerve tissues 
of their insect hosts. Many spiroplasmas envisioned by dark- 
field microscopy have proved to be noncultivable (Hackett and 
Clark, 1989). Initial insect extracts in growth media are passed 
through a 0.45 um filter. The filtrate is then observed daily for 
pH indicator change. An alternative to filtration involves the use 
of antibiotics or other inhibitors (Grulet et al., 1993; Markham 
etal., 1983; Whitcomb et al., 1973). Spiroplasma isolations from 
infected plants are best obtained from sap expressed from vas- 
cular bundles of hosts showing early disease symptoms. Plant 
sap often contains spiroplasmal substances (Liao et al., 1979) 
whose presence in primary cultures may necessitate blind pas- 
sage or serial dilution. 


Isolation media. M1D medium (Whitcomb, 1983) has been 
used for primary isolations of the large proportion of spiro- 
plasma species. SP-4 medium, a rich formulation derived from 
experiments with M1D, is necessary for isolation of Spiroplasma 
mirum from fluids of the embryonated egg (Tully et al., 1982). 
SP-4 medium is also required for isolation of Spiroplasma ixode- 
lis (Tully et al., 1981). Some very fastidious spiroplasmas such 
as Spiroplasma poulsonii (Hackett et al., 1986) and Spiroplasma 
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leptinotarsae (Hackett and Lynn, 1985) were isolated by co- 
cultivation with insect cells. However, the requirement for co- 
cultivation of Spiroplasma leptinotarsae can be circumvented by 
placing the primary cultures in BBL anaerobic GasPak jar sys- 
tems with low redox potential and enhanced CO, atmosphere 
(Konai et al., 1996b). By lowering the pH of the growth medium 
from 7.4 to 6.2 and using bromocresol purple as a pH indicator 
(pH 5.2 yellow to pH 6.8 purple), it was possible to perform 
metabolism inhibition tests involving Spiroplasma leptinotarsae as 
the antigen. The same low-pH medium containing 2.0% Noble 
agar permitted the growth of colonies (Williamson, unpub- 
lished data). Cohen and Williamson (1988) reported that a 
fortuitous contamination of H-2 medium by a slow-growing, 
pink-colored yeast (Rhodotorula rubra) permitted primary iso- 
lation of the non-male-lethal variant of the Dorsophila willistoni 
spiroplasma. After 10-12 passages with yeast, the spiroplasmas 
were able to grow in yeast-free H-2 medium. 


Maintenance procedures. Adaptation. Most  spiroplas- 
mas can be adapted to a wide variety of media formulations. 
Spiroplasmas commonly grow more slowly upon transfer to new 
media. Initial reduction in growth rate is probably related to 
a combination of differences in nutrients, pH, osmolality, etc. 
Isolates may grow at only slightly reduced rates during the first 
1-5 passages in a new medium. However, if the new medium 
is markedly deficient, the growth rate may decrease precipi- 
tously after 5-10 passages. Continuous careful passaging may 
result in growth rate recovery to levels similar to that in the 
initial medium. For such adaptations, best results are achieved 
by starting with a 1:1 ratio of old and new media and gradually 
withdrawing the old formulation. Spiroplasma clarkii, after con- 
tinuous passage for hundreds of generations, finally adapted to 
extremely simple media (Hackett et al., 1994). Adaptation may 
involve mutation and/or activation of adaptive enzymes, or, 
possibly, other mechanisms. Growth rates in such simple media 
were much slower than those in rich media. 


Maintenance media.  Spiroplasma citri can be cultivated in 
a relatively simple medium that utilizes sorbitol to maintain 
osmolality (Saglio et al., 1971). A modification of this medium 
(BSR) has been used extensively for Spiroplasma citri (Bové and 
Saillard, 1979), in which the horse serum content was lowered 
to 10% and the fresh yeast extract was omitted. Other simple 
media, such as C-3G (Liao and Chen, 1977), are suitable for 
maintenance or large-batch cultivation of fast-growing spiro- 
plasmas. This medium is also adequate for primary isolation of 
Spiroplasma kunkelii (Alivizatos, 1988). However, cultivation of 
more fastidious spiroplasmas is best achieved in MID medium 
(Hackett and Whitcomb, 1995; Whitcomb, 1983; Williamson 
and Whitcomb, 1975) if they derive from plant or insect habi- 
tats. SP-4 medium (Tully et al., 1977) is very suitable if spiroplas- 
mas derive from tick habitats. SM-1 medium (Clark, 1982) has 
also been successfully employed for many insect spiroplasmas. 


Defined media. Spiroplasma floricola and some strains of 
Spiroplasma apis have been cultivated in chemically defined 
media (Chang, 1989, 1982). 

Preservation. Spiroplasmas are routinely preserved by 
lyophilization (FAO/WHO, 1974). Most spiroplasmas can be 
maintained at —70°C indefinitely. Preservation success at -20*C 
is irregular and uncertain. 
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Differentiation of the genus Spiroplasma 
from other closely related taxa 


Spiroplasmas can be clearly differentiated from all other micro- 
organisms by their unique properties of helicity and motility, 
combined with the complete absence of periplasmic fibrils, 
cell walls, or cell wall precursors. However, spiroplasmas may 
be nonhelical under some environmental conditions or when 
cultures are in the stationary phase of growth. Morphological 
study of the organisms in the exponential phase of growth usu- 
ally reveals characteristic helical forms. However, the existence 
of spiroplasmas that appear entirely or largely as nonhelical 
forms (e.g., Spiroplasma ixodetis and group XXIII strain TIUS- 
1) raises the theoretical possibility that an organism situated 
at an apomorphic (advanced) position on the spiroplasma 
phylogenetic tree could totally lack helicity or motility. In fact, 
the clade containing Mycoplasma mycoides and the Entomoplas- 
mataceae has apparently done exactly that. Spiroplasma floricola 
produces nonhelical, but viable, cells early in stationary phase, 
which can begin within 24 h of medium inoculation. For rea- 
sons such as this, it is necessary to examine cultures throughout 
the growth cycle to ensure that an adequate search for helical 
cells has been made. 


Taxonomic comments 


Early history. The term “spiroplasma” was first coined as a 
trivial term to describe helical organisms shown to be associ- 
ated with corn stunt disease (Davis et al., 1972a, b) that could 
not, at that time, be cultivated (Davis and Worley, 1973). Shortly 
thereafter, when similar organisms associated with citrus stub- 
born disease were characterized (Saglio et al., 1973), the triv- 
ial term was adopted as the generic name and the stubborn 
organism was named Spiroplasma citri. This species was the 
first cultured spiroplasma and the first cultured mollicute of 
plant origin. Shortly after the stubborn agent was named, the 
genus Spiroplasma was elevated to the status of a family (Skri- 
pal, 1974) and added to the Approved Lists of Bacterial Names 
(Skripal, 1983). The organism that was eventually named Spiro- 
plasma mirum (Tully et al., 1982) was isolated by Clark (1964) 
in embryonated chicken eggs soon after the discovery of the 
organism later named Spiroplasma poulsonii. Because Spiroplasma 
mirum readily passed through filters, it was first mistaken for 
a virus. The subgroup I-4 277F spiroplasma was cultivated in 
1968, but was mistaken for a spirochete (Pickens et al., 1968). 
The first organism to be initially recognized as a spiroplasma 
was Spiroplasma kunkelii, which was envisioned by dark-field and 
electron microscopy in 1971-1972 and cultivated in 1975 (Liao 
and Chen, 1977; Williamson and Whitcomb, 1975). More than 
a decade passed before Clark (1982) showed that spiroplasmas, 
many of them fast-growing, occurred principally in insects. 


Species concept. The species concept in spiroplasmas, as in 
all bacteria, was based on DNA-DNA reassociation (ICSB Sub- 
committee on the Taxonomy of Mollicutes, 1995; Johnson, 1994; 
Rosselló-Mora and Amann, 2001; Stackebrandt et al, 2002; 
Wayne et al., 1987). In practice, DNA-DNA reassociation results 
with spiroplasmas have proven difficult to standardize. Estimates 
of reassociation between Spiroplasma citri (subgroup I-l) and 
Spiroplasma kunkelii (subgroup I-3) varied between 30 and 70%, 
depending on the method employed and the degree of strin- 
gency (Bové and Saillard, 1979; Christiansen et al., 1979; Lee 
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and Davis, 1980; Liao and Chen, 1981a; Rahimian and Gumpf, 
1980). Given these challenges, an alternative method was identi- 
fied in serology. Surface serology of spiroplasmas has proven to 
be a robust surrogate for DNA-DNA hybridization assays. 


Phylogeny. Phylogenetic studies of Spiroplasma became 
possible when Carl Woese and colleagues, searching for a 
molecular chronometer by which microbial evolution could be 
reconstructed, found that rRNA met most or all of the desired 
criteria (reviewed by Woese, 1987). Today, sequencing of rRNA 
genes has become a universal tool for phylogenetic reconstruc- 
tion. Early phylogenetic analyses involved distance estimates 
(DeSoete, 1983). Later, neighbor-joining (Saitou and Nei, 1987) 
was introduced into mollicute phylogeny (Maniloff, 1992) 
and several mollicute workers have used maximum-ikelihood 
(Felsenstein, 1993). The extensive and classical studies of K.-E. 
Johansson’s group (Johansson et al., 1998; Pettersson et al., 
2000) were completed using neighborjoining, but selectively 
confirmed by maximum-likelihood and maximum-parsimony 
(Swofford, 1998). Gasparich et al. (2004) studied the phylogeny 
of Spiroplasma and its nonhelical descendants using parsimony, 
maximum -Ź-likelihood, distance, and neighbor-joining analyses, 
which generated 24 phylogenetic inferences that were com- 
mon to all, or almost all, of the trees. More recently, Bayesian 
analysis [MrBayes (http:/ /mrbayes.csit.fsu.edu/index.php)] 
was used to examine an expanded Spiroplasma Apis clade based 
on 16S rRNA and 168-238 ITS sequences; the analyses showed 
congruency between Bayesian and maximum-parsimony trees 
(Jandhyam et al., 2008). 

Woese et al. (1980) presented a 16S rRNA gene-based phylo- 
genetic tree for Mollicutes, including Spiroplasma, indicating that 
these walldess bacteria were related to members of the phylum 
Firmicutes such as Lactobacillus spp. and Clostridium innocuum. 
The tree suggested that Mollicutes might be monophyletic. 
However, a later study by Weisburg et al. (1989) with 40 addi- 
tional species of Mollicutes including ten spiroplasmas, failed 
to confirm the monophyly of Mollicutes at the deepest branch- 
ing orders. The Woese et al. (1980) model also suggested that 
the genus Mycoplasma might not be monophyletic, in that the 
type species, Mycoplasma mycoides, and two related species, Myco- 
plasma capricolum and Mycoplasma putrefaciens, appeared to be 
more closely related to the Apis clade of Spiroplasma than to 
the other Mycoplasma species. This conclusion was supported 
by analyses of the 5S rRNA genes (Rogers et al., 1985). AII trees 
so far obtained indicate that the acholeplasma-anaeroplasma 
(Acholeplasmatales-Anaeroplasmatales) and spiroplasma-myco- 
plasma (Mycoplasmatales-Entomoplasmatales) lineages are mono- 
phyletic, but are separated by an ancient divergence. 

In-depth analysis of characterized spiroplasmas and their non- 
helical descendants indicates the existence of four major clades 
within the monophyletic spiroplasma-mycoplasma lineage (Gas- 
parich et al., 2004; Figure 113). One of the four clades consists 
of the nonhelical species of the mycoides group (as defined 
by Johansson, 2002) as well as the six species of Entomoplasma 
and twelve species of Mesoplasma (the Entomoplasmataceae) ; this 
assemblage was designated the Mycoides-Entomoplasmataceae 
clade. The analyses indicated that the remaining three clades 
represented Spiroplasma species. One of these clades, the Apis 
clade, was found to be a sister to the Mycoides-Entomoplasma- 
taceae clade. The Apis clade contains a large number of spe- 
cies from diverse insect hosts, many of which possess life cycles 
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FIGURE 113. Phylogenetic relationships of members of the class Mollicutes and selected members of the phylum Firmicutes. The phylogram was 
based on a Jukes-Cantor corrected distance matrix and weighted neighbor-joining analysis of the 16S rRNA gene sequences of the type strains, 
except where noted. Escherichia coli was the outgroup. Bootstrap values (100 replicates) «5046 are indicated (*). The GenBank accession numbers 
for 16S rRNA gene sequences used are: Mycoplasma mycoides (U26039); Mycoplasma pneumoniae (M29061); Entomoplasma freundtii (AF036954); 
Mesoplasma seiffertii (AY351331); Spiroplasma apis (M23937); Spiroplasma clarkii (M 24474); Spiroplasma gladiatoris (M24475); Spiroplasma taiwan- 
ense (M24476); Spiroplasma monobiae (M24481); Spiroplasma diabroticae (M24482); Spiroplasma melliferum (AY325304); Spiroplasma citri (M23942); 
Spiroplasma mirum (M24662); Spiroplasma ixodetis (M24477); Spiroplasma sp. strain N525 (DQ186642); Spiroplasma poulsonii (M24483); Spiroplasma 
penaei (AY771927); Spiroplasma phoeniceum (AY772395); Spiroplasma kunkelii (DQ319068); Spiroplasma cantharicola (DQ861914); Spiroplasma lineolae 
(DQ860100); Spiroplasma sp. strain 277F (AY189312); Spiroplasma sp. strain LB-12 (AY189313); Spiroplasma insolitum (AY189133); Spiroplasma flori- 
cola (AY189131); Spiroplasma syrphidicola (AY189309); Spiroplasma chrysopicola (AY189127); Spiroplasma sp. strain TAAS-1 (AY189314); Spiroplasma 
culicicola (AY189129); Spiroplasma velocicrescens (AY189311); Spiroplasma sabaudiense (AY189308); Spiroplasma corruscae (AY189128); Spiroplasma sp. 
strain CB-1 (AY189315); Spiroplasma sp. strain Ar-1357 (AY189316); Spiroplasma turonicum (AY189310); Spiroplasma litorale (AY189306); Spiroplasma 
lampyridicola (AY189134); Spiroplasma leptinotarsae (AY189305); Spiroplasma sp. strain W115 (AY189317); Spiroplasma chinense (AY189126); Spiro- 
plasma diminutum (AY189130); Spiroplasma alleghenense (AY189125); Spiroplasma sp. strain BIUS-1 (AY189319); Spiroplasma montanense (AY189307); 
Spiroplasma helicoides (AY189132); Spiroplasma sp. strain BARC 1901 (AY189320); Ureaplasma urealyticum (M23935); “Candidatus Phytoplasma” sp. 
Vigna II (AJ289195); Acholeplasma laidlawii (M23932); Anaeroplasma bactoclasticum (M25049); Clostridium innocuum (M23732); Asteroleplasma anaero- 
bium (M22351); Bacillus subtilis (AF058766); Escherichia coli (J01859). 
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involving transmission between the guts of insects and plant 
surfaces. One of these species, Spiroplasma sp. TIUS-1 (group 
XXVIII) has very poor helicity and a genome size of 840 kbp, 
smaller than that of most other spiroplasmas. This species 
diverged from the spiroplasma lineage close to the node of 
entomoplasmal divergence and can be envisioned as a “missing 
link” in the evolutionary development of the Mycoides-Ento- 
moplasmataceae clade. The other two Spiroplasma clades are the 
monospecific Ixodetis clade (group VI) and the Citri-Chrysopi- 
cola-Mirum clade (with representatives from groups I, II, V, 
and VIII). The Citri-Chrysopicola-Mirum clade contains Spiro- 
plasma mirum, Spiroplasma poulsonii, the three subgroups of the 
Chrysopicola (group VIII) clade, and the nine subgroups of the 
Citri (group I) clade. Members of group I and group VIII show 
close intragroup relationships, as indicated by the similarities of 
their 16S rRNA gene sequences (Gasparich et al., 2004). DNA- 
DNA reassociation studies for group I (Bové et al., 1983, 1982; 
Junca et al., 1980) spiroplasmas supported the subgroup clus- 
ter. The Chrysopicola clade (group VIII) subgroups have met a 
different fate. Although their DNA-DNA similarities in reasso- 
ciation procedures were slightly less than 70%, their 16S rRNA 
gene sequence similarities were >99% (Gasparich et al., 1993c). 
The strains of this group, including not only the subgroups, but 
a plethora of isolates from the same ecological context, appear 
to form a matrix of interrelated strains. Boundaries that seemed 
clear when the subgroups were initially described, eventually 
eroded beyond recognition. The 16S rRNA gene sequence sim- 
ilarities are too high to permit cladistic analysis and even 16S- 
23S rRNA spacer region sequence analysis failed to resolve the 
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existing subgroups (Regassa et al., 2004). Over time, the con- 
cept of the microbial species has undergone a subtle change. 
It is now recognized (Rosselló-Mora and Amann, 2001; Stack- 
ebrandt et al., 2002) that microbial species must at times consist 
of strain clusters that may contain species with <70% similarity 
as determined by DNA-DNA reassociation. Group VIII spiro- 
plasmas may comprise such a cluster and efforts to subdivide 
this cluster may have been inadvisable. 

Character mapping of non-genetic features has been com- 
pleted in conjunction with phylogenetic analyses (Gasparich 
et al., 2004). Serological classifications of spiroplasmas are gen- 
erally supported by the trees, but the resolution of genetic anal- 
yses appears to be much greater than that of serology. Genome 
size and G+C content were moderately conserved among closely 
related strains. Apparent conservation of slower growth rates 
in some clades was most likely attributable to host affiliation; 
spiroplasmas of all groups that were well adapted to a specific 
host had slower growth rates. Sterol requirements were poly- 
phyletic, as was the ability to grow in the presence of PES, but 
not serum. 
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List of species of the genus Spiroplasma 


l. Spiroplasma citri Saglio, L'Hospital, Lafléche, Dupont, 
Bové, Tully and Freundt 1973, 2024" 
cit'ri. L. masc. n. citrusthe citrus; N.L. masc. n. Citrusgeneric 
name; N.L. gen. n. citri of Citrus, to denote the plant host. 


Cells are helices that divide in mid-exponential phase 
when they have four turns. Helical filaments are usually 
100-200 nm in diameter and 2-4 um in length. Cells 
are longer in late exponential phase and early stationary 
phase. Nonviable cells in late exponential phase are non- 
helical. 

Colonies on solid media containing 20% horse serum 
and 0.8% Noble agar (Difco) are umbonate, 60-150 um in 
diameter. Moderate turbidity is produced in liquid cultures. 
Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but shares some cross-reactivity 
with members of other group I subgroups. Has close phy- 
logenetic affinities with other group I members, and with 
Spiroplasma poulsonii in trees constructed using 16S rRNA 
gene sequences. 

Pathogenic for citrus plants and a variety of plant hosts 
(aster, periwinkle, broad bean) following transmission by 
infected insects (leafhoppers). 

DNA-DNA renaturation experiments confirm serologi- 
cal data that indicate that the differences between the type 
strain (subgroup I-1) and other subgroups of group I are 
great enough to warrant its designation as a distinct species. 
The genome size is 1820 kbp (PFGE). 


Source: isolated from leaves, seed coats, and fruits of 
citrus plants (orange and grapefruit) infected with stub- 
born disease, and from other naturally infected plants (e.g., 
periwinkle, horseradish or brassicaceous weeds) or insects. 
Known from Mediterranean and other warm climates of 
Europe, North Africa, Near and Middle East, and the West- 
ern United States (California and Arizona). 

DNA G+C content (mol96): 25-27 (T, , Bd). 

Type strain: XTCC 27556, Morocco strain, R8-A2. 

Sequence accession no. (16S rRNA gene): M23942. 


2. Spiroplasma alleghenense Adams, Whitcomb, Tully, Clark, 
Rose, Carle, Konai, Bové, Henegar and Williamson 1997, 
762," 


al.le.ghen.en'se. N.L. neut. adj. alleghenense of the Allegheny 
Mountains, referring to the geographic origin of the type 
strain, the range of the Appalachian Mountains from which 
it was derived. 


Cells are motile helical filaments, 100-300 nm in 
diameter. Under many growth conditions, cells in medium 
are deformed. Colonies on solid medium containing 
3.0% Noble agar are small and granular and never have 
a fried-egg appearance. Biological properties are listed in 
Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. When tested as an antigen, cross- 
reacts broadly with many nonspecific sera (one-way reac- 
tion). Has close phylogenetic relationship to Spiroplasma 
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sabaudiense (group XIII) and strain TIUS-1 (group XXVIII 
in trees constructed using 16S rRNA gene sequences. The 
genome size is 1,465 kbp (PFGE). 

Source: isolated from the hemolymph of a common scor- 
pion fly, Panorpa helena in West Virginia, USA. 

DNA G+C content (mol % ): 31 + 1 (T, Bd). 

Type strain: ATCC 51752, PLHS-1. 

Sequence accession no. (16S rRNA gene): AY189125. 


. Spiroplasma apis Mouches, Bové, Tully, Rose, McCoy, Carle- 


Junca, Garnier and Saillard 1984b, 91%” (Effective publica- 
tion: Mouches, Bové, Tully, Rose, McCoy, Carle-Junca, Gar- 
nier and Saillard 1983a, 383.) 


a'pis. L. fem. n. apis, -is a bee, and also the genus name of 
the honey bee, Apis mellifera; L. gen. n. apis of a bee, of Apis 
mellifera, the insect host for this species. 


The morphology is as described for the genus. Helical 
filaments are usually 100-150 nm in diameter and 3-10 um 
in length. Colonies on solid medium containing 20% fetal 
bovine serum and 0.8% Noble agar (Difco) are usually dif- 
fuse, rarely exhibiting central zones of growth into the agar. 
Colonies on solid medium with 2.25% Noble agar and 1-5% 
bovine serum fraction are smaller, but exhibit central zones 
of growth into the agar and some peripheral growth on the 
agar surface around the central zones. Marked turbidity is 
produced during growth in most spiroplasma media (BSR, 
MIA, SP-4). Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Many strains show partial cross- 
reactions when tested against sera to strain B31" (Tully 
et al., 1980). These strains show more than 80% DNA-DNA 
reassociation with strain B317, but their exact taxonomic 
status is unclear. Some strains show a very low level recipro- 
cal cross-reaction with Spiroplasma montanense in deforma- 
tion serology. In accordance with serology, Spiroplasma apis 
and Spiroplasma montanense are sister species in phylogenetic 
trees constructed using 16S rRNA gene sequences. The 
genome size is 1300 kbp (PFGE). 

Etiologic agent of May disease of honey bees in south- 
western France. Various strains of the organism exhibit 
experimental pathogenicity for young honey bees in feed- 
ing experiments. 

Source: isolated from honey bees (Apis mellifera) and from 
flower surfaces in widely separated geographic regions 
(France, Corsica, Morocco, USA). 

DNA G+C content (mol96): 29-31 (T, 

Type strain: ATCC 33834, B31. 

Sequence accession no. (16S rRNA gene): AY736030. 


Bd). 


. Spiroplasma atrichopogonis Koerber, Gasparich, Frana and 


Grogan 2005, 291%” 


a.tri.cho.po.go'nis. N.L. gen. n. atrichopogonis of Atrichopogon, 
systematic genus name of a biting midge (Diptera: Cer- 
atopogonidae). 

The morphology is as described for the genus. Cells are 
helical and motile. Biological properties are listed in Table 
142. 

Serologically distinct from previously established Spiro- 
plasma species, groups, and subgroups. The genome size 
has not been determined. 


Source: isolated from a pooled sample of two nearly iden- 
tical species of biting midges (Atrichopogon geminus and 
Atrichopogon levis). 

DNA G+C content (mol % ): 28.8 + 1 (T. ). 

Type strain: ATTC BAA-520, NBRC 100390, GNAT3597. 

Sequence accession no. (16S rRNA gene): not available. 


. Spiroplasma cantharicola Whitcomb, Chastel, Abalain- 


Colloc, Stevens, Tully, Rose, Carle, Bové, Henegar, Hackett, 
Clark, Konai and Williamson 19932, 423V* 


can.thari'co.la. Gr. kantharos scarab beetle; L. suff. -cola 
(from L. n. incola) inhabitant, dweller; N.L. n. cantharicola 
an inhabitant of a family of beetles. 


The morphology is as described for the genus. Cells are 
helical and motile. Colonies on solid medium containing 
0.896 Noble agar are diffuse, without fried-egg morphology. 
Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but shares some reciprocal cross- 
reactivity with members of other group XVI subgroups. 

Not yet classified phylogenetically, but no doubt closely 
related to subgroups XVI-2 and XVI-3, which are sisters form- 
ing a clade related to Spiroplasma diminutum in phylogenetic 
trees constructed using 16S rRNA gene sequences. More- 
over, DNA-DNA renaturation experiments confirm that the 
differences between the type strain and other subgroups of 
group XVI are great enough to warrant its designation as a 
distinct species. The genome size is 1320 kbp (PFGE). 

Source: isolated from the gut of an adult cantharid beetle 
(Cantharis carolinus) in Maryland, USA. Based on its resi- 
dence in the gut of a flower-visiting insect, this species is 
thought to be transmitted on flowers. 

DNA G+C content (mol96): 26 + 1 (T,, Bd, HPLC). 

Type strain: A'TCC 43207, CC-1. 

Sequence accession no. (16S rRNA gene): DQ861914. 


. Spiroplasma chinense Guo, Chen, Whitcomb, Rose, Tully, 


Williamson, Ye and Chen 1990, 424V* 


chi.nen'se. N.L. neut. adj. chinense of China, the location 
where the organism was first isolated. 


The morphology is as described for the genus. Cells are 
motile helical filaments ~160 nm in diameter. Colonies on 
solid medium containing 0.8-1.0% Noble agar are diffuse 
with many small satellite colonies; growth on 2.2596 agar 
produces smaller rough or granular colonies and fewer sat- 
ellite forms. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, this species is 
closely related to Spiroplasma velocicrescens in phylogenetic 
trees constructed using 16S rRNA gene sequences. The 
genome size is 1530 kbp (PFGE). 

Source: isolated from flower surfaces of bindweed ( Calyste- 
gia hederacea) in Jiangsu, People's Republic of China. 

DNA G+C content (mol96): 99 + 1 (T). 

Type strain: ATCC 43960, CCH. 

Sequence accession no. (16S rRNA gene): AY189126. 


. Spiroplasma chrysopicola Whitcomb, French, Tully, Gas- 


parich, Rose, Carle, Bové, Henegar, Konai, Hackett, Adams, 
Clark and Williamson 1997b, 718V? 
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chry.so.pi'co.la. N.L. n. Chrysops a genus of deer flies in 
the Tabanidae; L. suff. -cola (from L. n. incola) inhabitant, 
dweller; N.L. n. chrysopicola inhabiting Chrysops spp. 


Helical motile filaments are short and thin, passing a 220 
nm filter quantitatively. Grows to titers as high as 10!!/ml. 
Colonies on solid medium containing 2.25% Noble agar 
have dense centers and smooth edges (a fried-egg appear- 
ance) and do not have satellites. Biological properties are 
listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but exhibits some reciprocal or 
one-way cross-reactivity with members of other group VIII 
subgroups. Some strains of group VIII spiroplasmas may 
be difficult to identify to subgroup. Shares less than 70% 
DNA-DNA reassociation with Spiroplasma syrphidicola and 
strain TAAS-1 (subgroup VIII-3). Phylogenetically, this spe- 
cies is closely related to other group VIII strains in trees 
constructed using 16S rRNA gene sequences. The 16S 
rRNA gene similarity coefficients of group VIII spiroplas- 
mas are >0.99, so this gene is insufficient for distinguishing 
species in group VIII. The genome size is 1270 kbp (PFGE). 
Pathogenicity for insects has not been determined. 

Source: isolated from the gut of a deer fly (Chrysops sp.) 
in Maryland, USA. Other strains from deer flies have been 
collected from as far west as Wyoming, from New England, 
and very rarely, as far south as Georgia, USA. 

DNA G+C content (mol96): 30 + 1 (Bd). 

Type strain: ATCC 43209, DF-1. 

Sequence accession no. (16S rRNA gene): AY189127. 


. Spiroplasma clarkii Whitcomb, Vignault, Tully, Rose, Car- 
le, Bové, Hackett, Henegar, Konai and Williamson 1993c, 
264V* 


clar'ki.i. N.L. masc. gen. n. clarkii of Clark, in honor of Tru- 
man B. Clark, a pioneer spiroplasma ecologist. 


The morphology is as described for the genus. The heli- 
cal motile filaments remain stable throughout exponential 
growth. Colonies on solid medium containing 0.8% Noble 
agar are diffuse, without fried-egg morphology. Biological 
properties are listed in Table 142. 

Serologically distinct from other Spiroplasmaspecies, groups, 
and subgroups. Phylogenetically, this species is placed in the 
classical Apis cluster of spiroplasmas, but it does not have an 
especially close neighbor in trees constructed using 16S rRNA 
gene sequences. The genome size is 1720 kbp (PFGE). Patho- 
genicity for insects has not been determined. 

Source: isolated from the gut of a larval scarabaeid beetle 
(Cotinus nitida) in Maryland, USA. 

DNA G+C content (mol 96): 29 € 1 (T, 

Type strain: A'TCC 33827, CN-5. 

Sequence accession no. (168 rRNA gene): M24474. 


Bd, HPLC). 


. Spiroplasma corruscae Hackett, Whitcomb, French, Tully, 
Gasparich, Rose, Carle, Bové, Henegar, Clark, Konai, Clark 
and Williamson 1996c, 949V? 
cor.rus'cae. N.L. gen. n. corruscae of corrusca, referring to the 
species of firefly beetle (Ellychnia corrusca) from which the 
organism was first isolated. 

The morphology is as described for the genus. Cells are 
helical and motile. Colonies on solid medium containing 
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2.25% Noble agar are slightly diffuse to discrete and gen- 
erally without the characteristic fried-egg morphology. Bio- 
logical properties are listed in Table 142. 

Serologically distinct from previously established Spiro- 
plasma species, groups, and subgroups. Phylogenetically, 
closely related to Spiroplasma turonicum and Spiroplasma lito- 
rale in trees constructed using 16S rRNA gene sequences. 
The genome size has not been determined. 

Source: isolated from the gut of an adult lampyrid beetle 
(Ellychnia corrusca) in Maryland in early spring, but found 
much more frequently in horse flies in summer months. 
Other strains have been collected from Canada and Geor- 
gia, Connecticut, South Dakota, and Texas, USA. 

DNA G+C content (mol96): 96 + 1 (T.., Bd). 

Type strain: ATCC 43212, EC-1. 

Sequence accession no. (16S rRNA gene): AY189128. 


Spiroplasma culicicola Hung, Chen, Whitcomb, Tully and 
Chen 1987, 368V* 


cu.li.ci'co.la. L. n. culex, -icis a gnat, midge, and also a genus 
of mosquitoes ( Culex, family Culicidae); L. suffix -cola (from 
L. n. incola) inhabitant, dweller; N.L. n. culicicola intended 
to mean an inhabitant of the Culicidae. 


Cells are pleomorphic, but are commonly very short 
motile helices, 1-2 um in length. Colonies on solid medium 
containing 1% Noble agar have a fried-egg appearance with 
satellites. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, this species is 
placed in the classical Apis cluster of spiroplasmas, but does 
not have an especially close neighbor in trees constructed 
using 16S rRNA gene sequences. The genome size is 1350 
kbp (PFGE). 

Source: isolated from a triturate of a salt marsh mosquito 
(Aedes sollicitans) collected in New Jersey, USA. 

DNA GC content (mol % ): 26 + 1 (T, , Bd). 

Type strain: ATCC 35112, AES-1. 

Sequence accession no. (16S rRNA gene): AY189129. 


Spiroplasma diabroticae Carle, Whitcomb, Hackett, Tully, 
Rose, Bové, Henegar, Konai and Williamson 1997, 80" 


di.a.bro.ti’cae. N.L. gen. n. diabroticae of Diabrotica, referring 
to Diabrotica undecimpunctata, the chrysomelid beetle from 
which the organism was isolated. 


The morphology is as described for the genus. Cells are 
helical, motile filaments, 200—300 nm in diameter. Colonies 
on solid medium containing 0.8% Noble agar are diffuse, 
without fried-egg morphology. Biological properties are 
listed in Table 142. 

Serologically distinct from other established Spiroplasma 
species, groups, and subgroups. Phylogenetically, closely 
related to Spiroplasma floricola in trees constructed using 
16S rRNA gene sequences. The genome size is 1350 kbp 
(PFGE). 

Source: isolated from the hemolymph of an adult chry- 
somelid beetle, Diabroticae undecimpunctata howardi. 

DNA G+C content (mol96): 25 + 1 (T, , Bd, HPLC). 

Type strain: ATCC 43210, DU-1. 

Sequence accession no. (16S rRNA gene): M24482. 
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Spiroplasma diminutum Williamson, Tully, Rosen, Rose, 
Whitcomb, Abalain-Colloc, Carle, Bové and Smyth 1996, 
232V* 

di.min.u'tum. L. v. deminuere to break into small pieces, 
make smaller; L. neut. part. adj. diminutum made smaller, 
reflecting a smaller size. 


The morphology is as described for the genus. Cells are 
short (1-2 um), helical filaments, 100-200 nm in diameter 
that appear to be rapidly moving, irregularly spherical bod- 
ies when exponential phase broth cultures are examined 
under dark-field illumination. Colonies on solid medium 
containing 1.6% Noble agar have dense centers, granular 
perimeters, and nondistinct edges with satellite colonies. 
Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, closely related 
to group XVI spiroplasmas in trees constructed using 
16S rRNA gene sequences. The genome size is 1080 kbp 
(PFGE). 

Source: isolated from a frozen triturate of adult female 
Culex annulus mosquitoes collected in Taishan, Taiwan. 

DNA G+C content (mol % ): 26 € 1 (T. , Bd, HPLC). 

Type strain: ATCC 49235, CUAS-1. 

Sequence accession no. (16S rRNA gene): AY189130. 


Spiroplasma floricola Davis, Lee and Worley 1981, 462°” 


flor.i’co.la. L. n. flos, -oris a flower; L. suff. -cola (from L. n. 
incola) inhabitant, dweller; N.L. n. floricola flower-dweller. 


The morphology is as described for the genus. Helical 
cells are 150-200 nm in diameter and 2-5 um in length. 
Colonies on solid media have granular central regions 
surrounded by satellite colonies that probably form after 
migration of cells from the central focus. Biological proper- 
ties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, closely related 
to Spiroplasma diabroticae and various flower spiroplasmas 
in trees constructed using 16S rRNA gene sequences. The 
genome size of strain OBMG is 1270 kbp. Experimentally 
pathogenic for insects and embryonated chicken eggs. 

Source: isolated from flowers of tulip tree and magnolia 
trees in Maryland, USA. Other strains have been collected 
from coleopterous insects. 

DNA G+C content (mol%): 25 (T, ). 

Type strain: ATCC 29989, 23-6. 

Sequence accession no. (16S rRNA gene): AY189131. 


Spiroplasma gladiatoris Whitcomb, French, Tully, Gas- 
parich, Rose, Carle, Bové, Henegar, Konai, Hackett, Adams, 
Clark and Williamson 1997b, 718” 

gla.di.a'to.ris. L. gen. n. gladiatoris of a gladiator, reflect- 
ing the initial isolation of the organism from the horse fly 
Tabanus gladiator. 

Morphology is as described for the genus. Cells are 
motile helical filaments. Colonies on solid medium contain- 
ing 3% Noble agar are granular with dense centers and dif- 
fuse edges, do not have satellites, and never have a fried-egg 
appearance. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. This species has a specific antigen, 


15. 
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common to several spiroplasmal inhabitants of horse flies, 
that confers a high level of one way cross-reactivity when it 
is used as an antigen. Phylogenetically, closely related to two 
other tabanid spiroplasmas, Spiroplasma helicoides and group 
XXXIV strain B1901, in phylogenetic trees constructed 
using 16S rRNA gene sequences. The genome size has not 
been determined. 

Source: isolated from the gut of a horse fly (Tabanus gladi- 
ator) in Maryland, USA. Other strains have been collected 
at various locations in the southeastern United States. 

DNA G+C content (mol96): 26 + 1 (Bd). 

Type strain: ATCC 43525, TG-1. 

Sequence accession no. (16S rRNA gene): M24475. 


Spiroplasma helicoides Whitcomb, French, Tully, Gas- 
parich, Rose, Carle, Bové, Henegar, Konai, Hackett, Adams, 
Clark and Williamson 1997b, 718%” 


he.li.co.i'des. Gr. n. helix spiral; Gr. suff. -oides like, resem- 
bling, similar; N.L. neut. adj. helicoides spiral-like. 


The morphology is as described for the genus. Cells are 
motile helical filaments that lack a cell wall. Colonies on 
solid medium containing 2.25% Noble agar have dense 
centers and smooth edges, do not have satellites, and have 
a perfect fried-egg appearance. Biological properties are 
listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. This species has a specific antigen, 
common to several spiroplasmal inhabitants of horse flies, 
that confers a high level one-way cross-reaction when it is 
used as antigen. Phylogenetically, closely related to two 
other tabanid spiroplasmas, Spiroplasma gladiatoris and Spiro- 
plasma sp. BARC 1901, in trees constructed using 16S rRNA 
gene sequences. Genome size has not been determined. 

Source: isolated from the gut of a horse fly Tabanus abactor 
collected in Oklahoma, USA. Other strains have been col- 
lected in Georgia, USA. 

DNA G+C content (mol 96): 26 + 1 (Bd). 

Type strain: A'TCC 51746, TABS-2. 

Sequence accession no. (16S rRNA gene): AY189132. 


Spiroplasma insolitum Hackett, Whitcomb, Tully, Rose, 
Carle, Bové, Henegar, Clark, Clark, Konai, Adams and Wil- 
liamson 1993, 276%? 


in.so'li.tum. L. neut. adj. insolitum unusual or uncommon, 
to denote unusual base composition. 


Cells in exponential phase are long, motile, helical cells 
that lack true cell walls and periplasmic fibrils. Colonies on 
solid SP-4 medium containing 0.8 or 2.25% Noble agar are 
diffuse, with small central zones of growth surrounded by 
small satellite colonies. Colonies on solid SP-4 medium con- 
taining horse serum and 0.8% Noble agar show fried-egg 
morphology. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species and 
groups, but cross-reacts reciprocally in complex patterns 
of relatedness with group I subgroups and Spiroplasma 
poulsoni. DNA-DNA renaturation experiments confirm 
that the differences between the type strain and other sub- 
groups of group I are great enough to warrant its designa- 
tion as a distinct species. Has close phylogenetic affinities 
with other group I members and with Spiroplasma poulsonii 
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in trees constructed using 16S rRNA gene sequences. The 
genome size is 1850 kbp (PFGE). Pathogenicity for insects 
has not been determined. 

Source: the type strain was isolated from a fall flower (Aster- 
aceae: Bidens sp.) collected in Maryland, USA. Similar iso- 
lates have been found in the hemocoel of click beetles. Also 
isolated from other composite and onagracead flowers and 
from the guts of many insects visiting these flowers, includ- 
ing cantharid and meloid beetles; syrphid flies; andrenid 
and megachilid bees; and four families of butterflies. 

DNA G+C content (mol % ): 28 + 1 (T , Bd). 

Type strain: ATCC 33502, M55. 

Sequence accession no. (16S rRNA gene): AY189133. 


Spiroplasma ixodetis Tully, Rose, Yunker, Carle, Bové, Wil- 
liamson and Whitcomb 1995, 27V" 


ix.o.de'tis. N.L. gen. n. ixodetis of Ixodes, the genus name 
of Ixodes pacificus ticks, from which the organism was first 
isolated. 


Cells are coccoid forms, 300—500 nm in diameter, straight 
and branched filaments, or tightly coiled helical organisms. 
Motility is flexional, but not translational. Colonies on solid 
medium containing 2.2596 Noble agar usually have the 
appearance of fried eggs. Biological properties are listed in 
Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically unique; occurs 
at base of spiroplasma lineage in trees constructed using 
16S rRNA gene sequences. The genome size is 2220 kbp 
(PFGE). 

Source: isolated from macerated tissue suspensions pre- 
pared from pooled adult Ixodes pacificus ticks (Ixodidae) 
collected in Oregon, USA. 

DNA G+C content (mol96): 25 x 1 (T 

Type strain: ATCC 33835, Y32. 

Sequence accession no. (16S rRNA gene): M24477. 


Bd, HPLC). 


m? 


Spiroplasma kunkelii Whitcomb, Chen, Williamson, Liao, 
Tully, Bové, Mouches, Rose, Coan and Clark 1986, 175%? 


kun.kel'ii. N.L. masc. gen. n. kunkelii of Kunkel, named 
after Louis Otto Kunkel (1884-1960), to honor his major 
and fundamental contributions to the study of plant mol- 
licutes. 


Cells in exponential phase are helical, motile filaments, 
100-150 nm in diameter and 3-10 um long to nonhelical 
filaments or spherical cells, 300-800 nm in diameter. Colo- 
nies on solid medium containing 0.876 Noble agar are usu- 
ally diffuse, rarely exhibiting central zones of growth into 
agar. Colonies on solid C-3G medium containing 5% horse 
serum or on media containing 2.25% Noble agar frequently 
have a fried-egg morphology. Biological properties are 
listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but shares complex patterns of 
reciprocal cross-reactivity with members of other group I 
subgroups and Spiroplasma poulsoni. DNA-DNA renatur- 
ation experiments confirm that the serological differences 
between the type strain and other subgroups of group I are 
great enough to warrant its designation as a distinct spe- 
cies. Has close phylogenetic affinities with other group I 
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members and with Spiroplasma poulsonii in trees constructed 
using 16S rRNA gene sequences. The genome size is 1610 
kbp (PFGE). Pathogenicity for plants and insects has been 
experimentally verified. 

Source: isolated from maize displaying symptoms of corn 
stunt disease and from leafhoppers associated with diseased 
maize, largely in the neotropics. 

DNA G+C content (mol96): 26 + 1 (T, Bd). 

Type strain: A'TCC 29320, E275. 

Sequence accession no. (16S rRNA gene): DQ319068 (strain 
CR2-3x). 


Spiroplasma lampyridicola Stevens, Tang, Jenkins, Goins, 
Tully, Rose, Konai, Williamson, Carle, Bové, Hackett, 
French, Wedincamp, Henegar and Whitcomb 1997, 711V* 


lam.py.ri.di'co.la. N.L. n. Lampyridaethe firefly beetle family; 
L. suff. -cola (from L. n. incola) inhabitant, dweller; N.L. n. 
lampyridicola an inhabitant of members of the Lampyridae. 


The morphology is as described for the genus. Cells are 
motile helical filaments. Colonies on solid medium contain- 
ing 3.0% Noble agar are small and granular with dense cen- 
ters, but do not have a true fried-egg appearance. Biological 
properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. When tested as antigen, cross-reacts 
(one-way) with many specific spiroplasma antisera. Phylo- 
genetically, a sister to Spiroplasma leptinotarsae in trees con- 
structed using 16S rRNA gene sequences. The genome size 
is 1375 kbp (PFGE). 

Source: isolated from the gut fluids of a firefly beetle 
(Photuris pennsylvanicus) collected in Maryland, USA. Also 
known from Georgia and New Jersey, USA. 

DNA G+C content (mol% ): 26 + 1 (T. Bd). 

Type strain: ATCC 43206, PUP-1. 

Sequence accession no. (16S rRNA gene): AY189134. 


Spiroplasma leptinotarsae Hackett, Whitcomb, Clark, Hen- 
egar, Lynn, Wagner, Tully, Gasparich, Rose, Carle, Bové, 
Konai, Clark, Adams and Williamson 1996b, 910%? 


lep.ti.no.tar'sae. N.L. gen. n. leptinotarsae of Leptinotarsa, 
referring to Leptinotarsa decemlineata, the Colorado potato 
beetle. 


Cells in vivo are usually seen in the resting stage, in which 
they consist of coin-like compressed coils. When placed in 
fresh medium, these bodies turn immediately into “spring”- 
or “funnel”-shaped spirals, which are capable of very rapid 
translational motility. After a relatively small number of 
passes in vitro, this spectacular morphology is lost and the 
cells return to the modal morphology as described for the 
genus. Colonies on solid medium containing 2.0% Noble 
agar are slightly diffuse to discrete and produce numerous 
satellites. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. When tested as antigen, cross-reacts 
with many spiroplasma antisera (one-way). Phylogeneti- 
cally, a sister to Spiroplasma lampyridicola in trees constructed 
using 16S rRNA gene sequences. The genome size is 1,085 
kbp (PFGE). 

Source: isolated from the gut of Colorado potato beetle 
(Leptinotarsa decemlineata) larvae in Maryland, USA. Also 
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isolated from beetles collected in Maryland, Michigan, New 
Mexico, North Carolina, Texas, Canada, and Poland. 

DNA G+C content (mol96): 25 + 1 (T, , Bd, HPLC). 

Type strain: ATCC 43213, LD-1. 

Sequence accession no. (16S rRNA gene): AY189305. 


Spiroplasma leucomae Oduori, Lipa and Gasparich 2005, 
2449 

leu.co'mae. N.L. gen. n. leucomae of Leucoma, systematic 
genus name of the white satin moth (Lepidoptera: Lyman- 
triidae), the source of the type strain. 


Morphology is as described for the genus. Cells are fila- 
mentous, helical, motile, and approximately 150 nm in 
diameter. They freely pass through filters with pores of 450 
and 220 nm, but do not pass through filters with 100 nm 
pores. Biological properties are listed in Table 142. 

Serologically distinct from previously established Spiro- 
plasma species, groups, and subgroups. The genome size 
has not been determined. Pathogenicity for the moth lar- 
vae is not known. 

Source: isolated from fifth instar satin moth larvae (Leu- 
coma salicis). 

DNA G«C content (mol % ): 94 + 1 (T). 

Type strain: ATCC BAA-521, NBRC 100392, SMA. 

Sequence accession no. (16S rRNA gene): DQ101278. 


Spiroplasma lineolae French, Whitcomb, Tully, Carle, Bové, 
Henegar, Adams, Gasparich and Williamson 1997, 1080‘? 


lin.e.o'lae. N.L. n. lineola a species of tabanid fly; N.L. gen. 
n. lineolae of Tabanus lineola, from which the organism was 
isolated. 


The morphology is as described for the genus. Cells are 
motile, helical filaments, 200-300 nm in diameter. Colo- 
nies on solid medium containing 3% Noble agar are small, 
granular, and never have a fried-egg appearance. Biological 
properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetic position has not been 
determined, but its other taxonomic properties suggest that 
it may be related to other tabanid spiroplasmas of the Apis 
cluster. The genome size is 1390 kbp (PFGE). 

Source: type strain isolated from the viscera of the tabanid 
fly Tabanus lineola collected in coastal Georgia. A strain from 
Tabanus lineola has been collected in Costa Rica (Whitcomb 
et al., 2007). 

DNA G+C content (mol % ): 25 + 1 (T, Bd). 

Type strain: ATCC 51749, TALS-2. 

Sequence accession no. (16S rRNA gene): DQ860100. 


Spiroplasma litorale Konai, Whitcomb, French, Tully, Rose, 
Carle, Bové, Hackett, Henegar, Clark and Williamson 1997, 
361" 

li.to.ra'le. L. neut. adj. litorale of the shore or coastal area. 


The morphology is as described for the genus. Cells are 
motile, helical filaments. Colonies on solid medium contain- 
ing 2.25% Noble agar are granular with dense centers, uneven 
margins, and multiple satellites, and never have fried-egg 
appearance. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, closely related to 
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two other tabanid spiroplasmas, Spiroplasma turonicum and 
Spiroplasma litorale, in trees constructed using 16S rRNA 
gene sequences. The genome size is 1370 kbp (PFGE). 

Source: isolated from the gut of a female green-eyed horse 
fly (Tabanus nigrovittatus) from the Outer Banks of North 
Carolina. Also collected from coastal Georgia and both 
Atlantic and Pacific coasts of Costa Rica. 

DNA G+C content (mol96): 25 + 1 (Bd). 

Type strain: ATCC 34211, TN-1. 

Sequence accession no. (16S rRNA gene): AY189306. 


Spiroplasma melliferum Clark, Whitcomb, Tully, Mouches, 
Saillard, Bové, Wróblewski, Carle, Rose, Henegar and Wil- 
liamson 1985, 305V* 


mel.li'fe.rum. L. adj. mellifer, -fera, -ferum honey-bearing, 
honey-producing; L. neut. adj. melliferum intended to mean 
isolated from the honey bee (Apis mellifera). 


Morphology is as described for the genus. Cells are pleo- 
morphic, varying from helical filaments that are 100-150 
nm in diameter and 3-10 um in length to nonhelical fila- 
ments or spherical cells that are 300-800 nm in diameter. 
The motile cells lack true cell wells and periplasmic fibrils. 
Colonies on solid medium supplemented with 0.8% Noble 
agar are usually diffuse, rarely exhibiting central zones of 
growth into agar. Colonies on solid medium containing 
2.25% Noble agar are smaller, but frequently have a fried- 
egg morphology. Physiological and genomic properties are 
listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but shares complex patterns of 
reciprocal cross-reactivity with members of other group I 
subgroups and Spiroplasma poulsoni. Has close phyloge- 
netic affinities with other group I members and with Spiro- 
plasma poulsonii in trees constructed using 16S rRNA gene 
sequences. DNA-DNA renaturation experiments confirm 
that the serological differences between the type strain and 
other subgroups of group I are great enough to warrant its 
designation as a distinct species. The genome size is 1460 
kbp (PFGE). Pathogenic for honey bees in natural and 
experimental oral infections. 

Source: isolated from hemolymph and gut of honey bees 
(Apis mellifera) in widely separated geographic regions. Also 
recovered from hemolymph of bumble bees, leafcutter 
bees, and a robber fly, and the intestinal contents of sweat 
bees, digger bees, bumble bees, and a butterfly. Also recov- 
ered from a variety of plant surfaces (flowers) in widely 
separated geographic regions. 

DNA G+C content (mol96): 26-28 (T, 

Type strain: ATCC 33219, BC-3. 

Sequence accession no. (16S rRNA gene): AY325304. 


Bd). 


Spiroplasma mirum Tully, Whitcomb, Rose and Bové 1982, 
ggvP 
mi'rum. L. neut. adj. mirum extraordinary. 


The morphology is as described for the genus. Helical 
filaments measure 100-200 nm in diameter and 3-8 um 
in length. Colonies on solid media containing fetal bovine 
serum and 0.8-2.25% Noble agar (Difco) are diffuse and 
without central zones of growth into the agar. Solid media 
prepared with 1.2596 agar and in which fetal bovine serum 
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has been replaced with bovine serum fraction yield colonies 
with central zones of growth into the agar and no peripheral 
growth on the surface of the medium. Moderate turbidity is 
produced during growth in liquid media. Biological proper- 
ties are listed in Table 142. This species has been cultivated 
in a defined medium. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically in trees con- 
structed using 16S rRNA gene sequences, this species is 
basal to group I and group VIII spiroplasmas on the one 
hand, and to the Apis cluster and Entomoplasmataceae on the 
other. It is the most primitive (plesiomorphic) spiroplasma 
with modal helicity. The genome size is 1300 kbp (PFGE). 
Produces experimental ocular and nervous system disease 
and death in intracerebrally inoculated suckling animals 
(rats, mice, hamsters, and rabbits). Pathogenic for chicken 
embryos via yolk sac inoculation. Experimentally patho- 
genic for the wax moth (Galleria mellonella) . 

Source: the type strain was isolated from rabbit ticks (Hae- 
maphysalis leporispalustris) collected in Georgia, USA. Other 
strains have been collected in Georgia, Maryland, and New 
York, USA. 

DNA G+C content (mol96): 30-31 (T). 

Type strain: ATCC 29335, SMCA. 

Sequence accession no. (16S rRNA gene): M24662. 


Spiroplasma monobiae Whitcomb, Tully, Rose, Carle, Bové, 
Henegar, Hackett, Clark, Konai, Adams and Williamson 
1993b, 259%? 


mo.no.bi'ae. N.L. n. Monobia a genus of vespid wasps; N.L. 
gen. n. monobiae of the genus Monobia, from which the 
organism was isolated. 


The morphology is as described for the genus, with 
motile helical filaments. Colonies on solid medium contain- 
ing 2.25% Noble agar are diffuse and never have a fried-egg 
appearance. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, a member of the 
Apis clade, but with no especially close neighbors in trees 
constructed using 16S rRNA gene sequences. The genome 
size is 940 kbp (PFGE). 

Source: isolated from the hemolymph of an adult vespid 
wasp (Monobia quadridens) collected in Maryland, USA. 
Based on its residence in the gut of a flower-visiting insect, 
this species is thought to be transmitted on flowers. 

DNA G+C content (mol % ): 28 + 1 (T. , Bd, HPLC). 

Type strain: ATCC 33825, MO-1. 

Sequence accession no. (16S rRNA gene): M24481. 


Spiroplasma montanense Whitcomb, French, Tully, Rose, 
Carle, Bové, Clark, Henegar, Konai, Hackett, Adams and 
Williamson 1997c, 722V" 


mon.ta.nen'se. N.L. neut. adj. montanense pertaining to 
Montana, where the species was first isolated. 


The morphology is as described for the genus. Cells 
are motile, helical filaments that lack a cell wall. Colo- 
nies on solid medium containing 2.25% Noble agar are 
granular and have dense centers, irregular margins, and 
numerous small satellites. Biological properties are listed 
in Table 142. 


28. 


29. 
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Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Reacts reciprocally in deformation 
serology at very low levels in deformation tests with Spiro- 
plasma apis. “Bridge strains" have been isolated in Georgia 
with substantial cross-reactivity with both Spiroplasma mon- 
tanense and Spiroplasma apis. Sister to Spiroplasma apisin trees 
constructed using 16S rRNA gene sequences. The genome 
size is 1225 kbp (PFGE). 

Source: isolated from the gut of the tabanid fly Hybomitra 
opaca, in southwestern Montana. Other isolates have been 
obtained from New England, Connecticut, and southeast- 
ern Canada. 

DNA G+C content (mol96): 28 + 1 (Bd). 

Type strain: ATCC 51745, HYOS-1. 

Sequence accession no. (16S rRNA gene): AY189307. 


Spiroplasma penaei Nunan, Lightner, Oduori and Gas- 
parich 2005, 2320V* 


pe.na'ei. N.L. n. Penaeus a species of shrimp; N.L. gen. 
penaei of Penaeus, referring to Penaeus vannamei, from which 
the organism was isolated. 


The morphology is as described for the genus. Cells are heli- 
cal and motile. Biological properties are listed in Table 142. 

Serologically distinct from previously characterized Spiro- 
plasma species, groups, and subgroups, but shares some 
cross-reactivity with members of other group I subgroups. 
Has close phylogenetic affinities with other group I mem- 
bers and with Spiroplasma poulsoniiin trees constructed using 
16S rRNA gene sequences. The genome size has not been 
determined. Pathogenicity has been indicated by injection 
into Penaeus vannamei. 

Source: isolated from the hemolymph of the Pacific white 
shrimp, Penaeus vannamei. 

DNA G+C content (mol%): 29 € 1 (T). 

Type strain: CAIM 1252, SHRIMP, ATCC BAA-1082. 

Sequence accession no. (16S rRNA gene): AY771927. 


Spiroplasma phoeniceum Saillard, Vignault, Bové, Raie, 
Tully, Williamson, Fos, Garnier, Gadeau, Carle and Whit- 
comb 1987, 113” 


phoe.ni'ce.um. N.L. neut. adj. phoeniceum (from L. neut. 
adj. phonicium) of Phoenice, an ancient country that was 
located on today's Syrian coast, referring to the geographi- 
cal origin of the isolates. 


Morphology is as described for the genus. Colonies on 
solid medium containing 0.8% Noble agar show fried-egg 
morphology. Physiological and genomic properties are 
listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but shares some cross-reactivity with 
members of other group I subgroups and Spiroplasma poul- 
sonii. Has close phylogenetic affinities with other group I 
members and with Spiroplasma poulsoniiin trees constructed 
using 16S rRNA gene sequences. Has been shown to be 
transmissible to leafhoppers by injection and experimen- 
tally pathogenic to aster inoculated by the injected leafhop- 
pers. DNA-DNA renaturation experiments confirm that the 
differences between the type strain and other subgroups of 
group I are great enough to warrant its designation as a dis- 
tinct species. The genome size is 1860 kbp (PFGE). 


676 


30. 


31. 
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Source: isolated from periwinkles that were naturally 
infected in various locations along the Syrian coastal area. 

DNA G+C content (mol % ): 26 + 1 (T , Bd). 

Type strain: ATCC 43115, P40. 

Sequence accession no. (16S rRNA gene): AY772395. 


Spiroplasma platyhelix Williamson, Adams, Whitcomb, Tul- 
ly, Carle, Konai, Bové and Henegar 1997, 766°” 
pla.ty.he'lix. Gr. adj. platys flat; Gr. fem. n. helix a coil or spi- 
ral; N.L. fem. n. platyhelix flat coil, referring to the flattened 
nature of the helical filament. 


Cells are flattened, helical filaments, 200-300 nm in 
diameter. They show no rotatory or translational motility, 
but exhibit contractile movements in which tightness of coil- 
ing moves along the axis of the filament. Colonies on solid 
medium containing 2.25% Noble agar form perfect fried- 
egg colonies with dense centers, smooth edges, and without 
satellites. Biological properties are listed in Table 142. 

Serologically distinct from other Spiroplasma spe- 
cies, groups, and subgroups. The genome size is 780 kbp 
(PFGE). 

Source: isolated from the gut of a dragonfly, Pachydiplax 
longipennis, collected in Maryland, USA. 

DNA G+C content (mol96): 29 + 1 (Bd). 

Type strain: ATCC 51748, PALS-1. 

Sequence accession no. (168 rRNA gene): AY800347. 


Spiroplasma poulsonii Williamson, Sakaguchi, Hackett, 
Whitcomb, Tully, Carle, Bové, Adams, Konai and Henegar 
1999, 616"* 


poul.so’ni.i. N.L. masc. gen. n. poulsonii of Poulson, named 
in memory of Donald F. Poulson, in whose laboratory at 
Yale University this spiroplasma was discovered and studied 
intensively. 


Morphology is as described for the genus. Long, motile, 
helical filaments, 200-250 nm in diameter occur in vivo 
in Drosophila hemolymph and in vitro. Colonies on solid 
medium containing 1.8% Noble agar are small (60—70 um 
in diameter), have dense centers and uneven edges, and 
are without satellites. Biological properties are listed in 
Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but shares some reciprocal cross- 
reactivity with members of group I subgroups. Phylogeneti- 
cally related to group I spiroplasmas in trees constructed 
using 16S rRNA gene sequences. The genome size is 2040 
kbp (PFGE). Spiroplasmas causing sex-ratio abnormalities 
occur naturally in Drosophila spp. collected in Brazil, Colom- 
bia, Dominican Republic, Haiti, Jamaica, and the West 
Indies. Non-male-lethal spiroplasmas also occur in natu- 
ral populations of Drosophila hydei in Japan. Pathogenicity 
(lethality to male progeny) has been confirmed by injection 
into Drosophila pseudoobscura female flies. Vertical transmis- 
sibility is lost after cultivation and cloning. 

Source: isolated from the hemolymph of Drosophila pseu- 
doobscura females infected by hemolymph transfer of the 
Barbados-3 strain of Drosophila willistoni SR organism. 

DNA G+C content (mol % ): 26 + 1 (T^, Bd). 

Type strain: ATCC 43153, DW-1. 

Sequence accession no. (16S rRNA gene): M24483. 


32. 


33. 


Spiroplasma sabaudiense Abalain-Colloc, Chastel, Tully, 
Bové, Whitcomb, Gilot and Williamson 1987, 264’? 


sa.bau.di.en'se. L. neut. adj. sabaudiense of Sabaudia, an 
ancient country of Gaul, corresponding to present day 
Savoy, referring to the geographic origin of the isolate. 


The morphology is as described for the genus. Cells are 
helical filaments, 100-160 nm in diameter and 3.1-3.8 um 
long. Motile. Colonies on solid medium containing 1.6% 
Noble agar are diffuse, rarely exhibiting fried-egg morphol- 
ogy with numerous satellite colonies. Physiological and 
genomic properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, related to Spiro- 
plasma alleghenense and Spiroplasma sp. TIUS-1 in trees con- 
structed using 16S rRNA gene sequences. The genome size 
is 1175 kbp (PFGE). 

Source: isolated from a triturate of female Aedes spp. mos- 
quitoes in Savoy, France. 

DNA G«C content (mol % ): 30 + 1 (T, Bd). 

Type strain: ATCC 43303, Ar-1343. 

Sequence accession no. (16S rRNA gene): AY189308. 


Spiroplasma syrphidicola Whitcomb, Gasparich, French, 
Tully, Rose, Carle, Bové, Henegar, Konai, Hackett, Adams, 
Clark and Williamson 1996, 799°? 


syr.phi.di'co.la. N.L. pl. n. Syrphidae a family of flies; L. suff. 
-cola (from L. masc. or fem. n. incola) inhabitant, dweller; 
N.L. masc. n. syrphidicola inhabitant of syrphid flies, the 
insects from which the organism was isolated. 


Helical motile filaments are short and thin, passing a 
220 nm filter quantitatively. Grows to titers as high as 10!/ 
ml. These short, thin, abundant cells are provisionally diag- 
nostic for group VIII. Colonies on solid medium contain- 
ing 2.25% Noble agar are irregular with satellites, diffuse, 
and never have a fried-egg appearance. Growth on solid 
medium containing 1.6% Noble agar is diffuse. Biological 
properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups, but shares some reciprocal cross- 
reactivity with members of other group VIII subgroups. 
Placement of group VIII strains into subgroups has become 
increasingly difficult as more strains have accumulated. 
Phylogenetically, this species is closely related to other 
group VIII strains in trees constructed using 16S rRNA 
gene sequences. The 16S rRNA gene sequence similarity 
coefficients of group VIII spiroplasmas are >0.99, so this 
gene is insufficient for species separations in group VIII. 
DNA-DNA renaturation experiments confirm that the dif- 
ferences between the type strain and other subgroups of 
group VIII are great enough to warrant its designation as a 
distinct species. Genome size is 1230 kbp (PFGE). 

Source: isolated from the hemolymph of the syrphid fly 
Eristalis arbustorum in Maryland, USA. Strains that are pro- 
visionally identified as Spiroplasma syrphidicola have been 
obtained from horse flies collected from several locations 
in the southeastern United States. 

DNA G+C content (mol % ): 30 + 1 (Bd). 

Type strain: ATCC 33826, EA-1. 

Sequence accession no. (16S rRNA gene): AY189309. 


GENUS |. SPIROPLASMA 


34. Spiroplasma tabanidicola Whitcomb, French, Tully, Gas- 
parich, Rose, Carle, Bové, Henegar, Konai, Hackett, Adams, 
Clark and Williamson 1997b, 718%” 


ta.ba.ni.di'co.la. N.L. n. Tabanidae family name for horse 
flies; L. suff. -cola (from L. n. incola) inhabitant, dweller; 
N.L. n. tabanidicola an inhabitant of horse flies. 


The morphology is as described for the genus. Cells are 
motile, helical filaments that lack a cell wall. Colonies on 
solid medium containing 3% Noble agar are uneven and 
granular with dense centers and irregular edges, do not 
have satellites, and never have a fried-egg appearance. Phys- 
iological and genomic properties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. However, some strains may show 
a very low level reciprocal serological cross-reaction in 
deformation serology with Spiroplasma gladiatoris. This spe- 
cies has a specific antigen, common to several spiroplasmal 
inhabitants of horse flies, that confers a high level one-way 
cross-reaction when it is used as antigen. The genome size 
is 1375 kbp (PFGE). 

Source: isolated from the gut of a horse fly belonging to 
the Tabanus abdominalis-limbatinevris complex. 

DNA G+C content (mol96): 26 € 1 (Bd). 

Type strain: NTCC 51747, TAUS-1. 

Sequence accession no. (16S rRNA gene): DQ004931. 


35. Spiroplasma taiwanense Abalain-Colloc, Rosen, Tully, Bové, 
Chastel and Williamson 1988, 105V? 


tai.wan.en'se. N.L. neut. adj. taiwanense of or belonging to 
Taiwan, referring to the geographic origin of the isolate. 


The morphology is as described for the genus. Cells are 
motile, helical filaments, 100—160 nm in diameter and 3.1- 
3.8 um long. Colonies on solid medium containing 1.6% 
Noble agar have fried-egg morphology. Biological proper- 
ties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, this species is in the 
classical Apis cluster of spiroplasmas, but does not have an 
especially close neighbor in trees constructed using 16S rRNA 
gene sequences. The genome size is 1195 kbp (PFGE). 

Source: isolated from a triturate of female mosquitoes (Culex 
tritaeniorhynchus) at Taishan, Taiwan, Republic of China. 

DNA G«C content (mol% ): 25 + 1 (T, Bd). 

Type strain: ATCC 43302, CT-1. 

Sequence accession no. (16S rRNA gene): M24476. 
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36. Spiroplasma turonicum Hélias, Vazeille-Falcoz, Le Goff, Ab- 
alain-Colloc, Rodhain, Carle, Whitcomb, Williamson, Tully, 
Bové and Chastel 1998, 460°" 


tu.ro'ni.cum. L. neut. adj. turonicum of Touraine, the 
province in France from which the organism was first iso- 
lated. 


The morphology is as described for the genus. Cells are 
motile, helical filaments. Colonies on solid medium con- 
taining 3% Noble agar exhibit a *cauliflower-like" appear- 
ance and do not have a fried-egg morphology. Biological 
properties are listed in Table 142. 

Serologically distinct from previously established Spiro- 
plasmaspecies. Phylogenetically, related to two other tabanid 
spiroplasmas, Spiroplasma corruscae and Spiroplasma litorale, 
in trees constructed using 16S rRNA gene sequences. The 
genome size is 1305 kbp (PFGE). 

Source: isolated from a triturate of a single horse fly (Hae- 
matopota pluvialis) collected in France. 

DNA G+C content (mol% ): 25 + 1 (Bd). 

Type strain: ATCC 700271, Tab4c. 

Sequence accession no. (16S rRNA gene): AY189310. 


37. Spiroplasma velocicrescens Konai, Whitcomb, Tully, Rose, 
Carle, Bové, Henegar, Hackett, Clark and Williamson 1995, 
205" 
ve.lo.ci.cres’cens. L. adj. velox, -ocis fast, quick; L. part. 
adj. crescens growing; N.L. n. part. adj. velocicrescens fast- 
growing. 

The morphology is as described for the genus. Cells are 
helical, motile filaments, 200-300 nm in diameter. Colonies 
on solid medium containing 0.8% Noble agar are diffuse 
and never have a fried-egg appearance. Biological proper- 
ties are listed in Table 142. 

Serologically distinct from other Spiroplasma species, 
groups, and subgroups. Phylogenetically, this species is 
sister to Spiroplasma chinense in trees constructed using 
16S rRNA gene sequences. The genome size is 1480 kbp 
(PFGE). 

Source: isolated from the gut of a vespid wasp, Monobia 
quadridens, collected in Maryland, USA. Based on its resi- 
dence in the gut of a flower-visiting insect, this species is 
thought to be transmitted on flowers. 

DNA G+C content (mol % ): 27 + 1 (T , Bd, HPLC). 

Type strain: ATCC 35262, MQ-4. 

Sequence accession no. (16S rRNA gene): AY189311. 
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Order IIl. Acholeplasmatales Freundt, Whitcomb, Barile, Razin and Tully 1984, 348V* 


DANIEL R. BRowN, JANET M. BRADBURY AND KARL-ERIK JOHANSSON 


A.cho.le.plas.ma.ta'les. N.L. neut. n. Acholeplasma type genus of the order; -ales ending to 
denote an order; N.L. fem. pl. n. Acholeplasmatales the Acholeplasma order. 


This order in the class Mollicutes is assigned to a group of wall- 
less prokaryotes that do not require sterol for growth and occur 
in a wide variety of habitats, including many vertebrate hosts, 
insects, and plants. A single family, Acholeplasmataceae, and a sin- 
gle genus, Acholeplasma, recognize the prominent and distinct 
characteristics of the assigned organisms. 

Type genus: Acholeplasma Edward and Freundt 1970, 1^. 


Further descriptive information 


The trivial name acholeplasma(s) is commonly used when 
reference is made to species of this order. The initial pro- 
posal for elevation of the acholeplasmas to ordinal rank 
(Freundt et al., 1984) was based primarily on the universal 
lack of a sterol requirement for growth of Acholeplasma 
species, in addition to other major genetic, nutritional, bio- 
chemical, and physiological characteristics that distinguish 
them from other members of the class Mollicutes. A subse- 
quent proposal for an additional order, Entomoplasmatales 
(Tully et al., 1993), within the class to distinguish a group of 
mollicutes that are phylogenetically more closely related to 
the Mycoplasmatales than to acholeplasmas necessitated 
further revisions within the class. 
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Family |. Acholeplasmataceae Edward and Freundt 1970, 1^- 


DANIEL R. BRown, JANET M. BRADBURY AND KARL-ERIK JOHANSSON 


A.cho.le.plas.ma.ta.ce'ae. N.L. neut. n. Acholeplasma, -atos type genus of the family; -aceae ending 
to denote a family; N.L. fem. pl. n. Acholeplasmataceae the Acholeplasma family. 


Type genus: Acholeplasma Edward and Freundt 1970, 1^. 


Further descriptive information 


This family is monotypic, so its properties are essentially those 
of the genus Acholeplasma. 
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Genus |. Acholeplasma Edward and Freundt 1970, 1^- 


DANIEL R. BRowN, JANET M. BRADBURY AND KARL-ERIK JOHANSSON 


A.cho.le.plas'ma. Gr. pref. a not; Gr. n. chole bile; Gr. neut. n. plasma something formed or molded, a 
form; N.L. neut. n. Acholeplasma name intended to indicate that cholesterol, a constituent of bile, is not 


required. 


Cells are spherical, with a diameter of about 300 nm, or fila- 
mentous, 2-5 pm long. Nonmotile. Colonies have a “fried-egg” 
appearance and may reach 2-3 mm in diameter. Facultatively 
anaerobic; most strains grow readily in simple media. All mem- 
berslackasterolrequirement for growth. Chemo-organotrophic, 
most species utilizing glucose and other sugars as the major 
energy sources. Many strains are capable of fatty acid biosyn- 
thesis from acetate. Arginine and urea are not hydrolyzed. 
Piemented carotenoids occur in some species. All species are 
resistant, or only slightly susceptible, to 1.5% digitonin. Sapro- 
phytes found in soil, compost, wastewaters, or commensals of 
vertebrates, insects, or plants. None are known to be a primary 
pathogen, but they may cause cytopathic effects in tissue cul- 
tures. The genome sizes range from about 1500 to 2100 kbp. 
Allspecies examined utilize the universal genetic code in which 
UGA is a stop codon. 

DNA G+C content (mol % ): 27-38. 

Type species: Acholeplasma laidlawii (Sabin 1941) Edward and 
Freundt 1970, 1^% (Sapromyces laidlawi Sabin 1941, 334). 


Further descriptive information 


Cells of acholeplasmas typically appear as pleomorphic coc- 
coid, coccobacillary, or short filamentous forms when grown in 
mycoplasma broth containing 20% horse serum or 1% bovine 
serum fraction. Viable spherical cells usually have a minimum 
diameter of about 300 nm. Filaments may be as much as 500 nm 
in length, but some longer filaments and branching filaments 
occur in some strains. Filaments often show beading with even- 
tual development of coccoid forms. Cellular morphology may 
also depend upon the ratio of unsaturated to saturated fatty 
acids in the medium. Adjustment of preparative materials to 
the osmolarity of the culture medium is necessary for proper 
morphological examination. 

Most acholeplasmas exhibit heavy turbidity when grown aer- 
obically in broth containing 5-2046 serum, usually of horse or 
fetal bovine origin, or when grown in 1% bovine serum frac- 
tion broth at 37°C. Less turbidity is evident when most achole- 
plasmas are cultured in serum-free broth and some species may 
be inhibited in media containing 2096 horse serum. Strains of 
some acholeplasmas (Acholeplasma morum, Acholeplasma modi- 
cum, and Acholeplasma axanthum) may not grow well in serum- 
free medium unless glucose and some fatty acids (Tween 80 and 
palmitic acid) are included. Colonies on solid medium contain- 
ing serum or bovine serum fraction are usually large (100— 
200 nm in diameter) with the classical *fried-egg" appearance 
after 24-72 h at 37°C (Figure 114). Colonies of Acholeplasma 
axanthum and several other acholeplasmas may show only cen- 
tral zones of growth into the agar or other unusual colony forms, 
such as mulberrydike colonies. Most acholeplasmas display 
optimum growth at 37°C. Growth is much slower at 25-27°C 
and strains may require 7-10 d to reach the turbidity observed 
after 24 h at 37°C. Species of plant origin (Acholeplasma brassicae 
and Acholeplasma palmae) have an optimum growth temperature 
of 30*C. 


FIGURE 114. Colonies of Acholeplasma laidlawii PG8" (-NCTC 101167; 
diameter 0.15-0.25 mm) after 3 d growth on Mycoplasma Experience 
Solid Medium at 36°C in 95% nitrogen/5% carbon dioxide. Original 
magnification = 25x. Image provided by Helena Windsor and David 
Windsor. 


Most species in the genus are strong fermenters and produce 
acid from glucose metabolism, although a few species such as 
Acholeplasma parvum may not ferment glucose or other carbohy- 
drates (Table 143). Fermentation of mannose is usually nega- 
tive, although several species do catabolize this carbohydrate. 
All Acholeplasma species examined possess a fructose 1,6-diphos- 
phate-activated lactate dehydrogenase, which is a property 
shared with certain streptococci. 

Gourlay (1970) found that a fresh isolate of Acholeplasma 
laidlawii from a bovine source was infected with a filamen- 
tous, single-stranded DNA virus designated L1 (Bruce et al., 
1972; Maniloff, 1992). Later, L2 and L3 viruses were also iso- 
lated from Acholeplasma laidlawii (Gourlay, 1971, 1972, 1973; 
Gourlay et al, 1973). L2 virus is a quasi-spherical, double- 
stranded DNA virus (Maniloff et al., 1977), and L3 is a short- 
tailed phage with double-stranded DNA (Garwes et al., 1975; 
Gourlay, 1974; Haberer et al., 1979; Maniloff et al., 1977). 
Another virus isolated from Acholeplasma laidlawii is L172, a 
single-stranded DNA, quasi-spherical virus that is different 
from L1 (Liska, 1972). Two viruses have been isolated from 
other acholeplasmas, including one from Acholeplasma modi- 
cum, designated M1 (Congdon et al., 1979), and from Achole- 
plasma oculi strain PG49 (designated O1) (Ichimaru and 
Nakamura, 1983). The nucleic acid structure of the last two 
viruses has not been defined. 

Antisera to filter-cloned whole-cell antigens are utilized in sev- 
eral serological techniques to assess the antigenic structure of 
acholeplasmas and to provide identification of the organism to 
the species level (Tully, 1979). The three most useful techniques 
are growth inhibition (Clyde, 1983), plate immunofluorescence 
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TABLE 143. Differential characteristics of the species of the genus Acholeplasma* 


E 
Š š 5 
Š Š 3 P S i Š 3 ` Š s š P i 3 
X% š Š > 3 S E Š S 3 = š S E = 
E S ES 3 S E E Ë Ë š 3 & & R ES 
Characteristic < < < d d < < < < < < < < < < 
Glucose fermentation + + + + + + + + + + + + _ + + 
Mannose fermentation _ _ _ _ + _ + _ _ + _ _ nd nd 
Arbutin hydrolysis # + = = nd = nd = + nd + _ nd nd 
Esculin hydrolysis + + nd nd nd nd + nd + nd = nd 
Film and spots + = nd - + - + _ = + _ nd nd nd € 
Benzyl viologen + + + + + + + + + = + + + nd nd 
reduction 
DNA G+C content 31-36 31 35.5 36 305 30-32 33 29 34 31 27 30 29 31.6 37.6-38.3 
(mol%) 


“Symbols: +, >85% positive; —, 0-15% positive; nd, not determined. 


(Gardella et al., 1983; Tully, 1973), and metabolism inhibition 
(Taylor-Robinson, 1983). 

Acholeplasmas may be the most common mollicutes in ver- 
tebrate animals and they are found frequently in the upper 
respiratory tract and urogenital tract of such hosts (Tully, 1979, 
1996). Eukaryotic cells in continuous culture are frequently con- 
taminated with acholeplasmas, primarily from the occurrence of 
acholeplasmas in animal serum used in tissue culture media. At 
least five Acholeplasma species have been identified on plant sur- 
faces (Acholeplasma axanthum, Acholeplasma brassicae, Acholeplasma 
laidlawii, Acholeplasma oculi, and Acholeplasma palmae), possibly 
representing contamination from insects. However, with the 
exception of Acholeplasma pleciae (Knight, 2004), the only achole- 
plasmas identified from insects have been from mosquitoes. 
Acholeplasma laidlawii was identified in a pool of Anopheles sinensis, 
and a strain of Acholeplasma morum was present in a pool of Armig- 
eres subalbatus (D.L. Williamson and J.G. Tully, unpublished). 

Little evidence exists for a pathogenic role ofacholeplasmas in 
natural diseases. The widespread distribution of acholeplasmas 
in both healthy and diseased animal tissues and of antibodies 
against acholeplasmas in most animal sera complicates experi- 
mental pathogenicity studies. However, Acholeplasma axanthum 
was pathogenic for goslings and young goose embryos (Kisary 
et al, 1975, 1976). Inoculation into leafhoppers, including 
those known to be vectors of plant mycoplasma diseases, shows 
multiplication and prolonged persistence of acholeplasmas in 
host tissues (Eden-Green and Markham, 1987; Whitcomb et al., 
1973; Whitcomb and Williamson, 1975), but there is no evi- 
dence that the few Acholeplasma species found on plant surfaces 
play any role in plant or insect disease. 

A few recent reports are available on the antibiotic sensitivity 
of acholeplasmas and whether the actions of these drugs are 
inhibitory to growth or kill cells. Acholeplasmas are sensitive 
to the following antibiotics (minimum inhibitory concentration 
range in pg/ml): tetracycline, 0.5-25.0; erythromycin, 0.03-1.0; 
lincomycin, 0.25-1.0; tylosin tartarate, 0.1-12.5; and kanamy- 
cin, 20-200 (Kato et al., 1972; Lewis and Poland, 1978; Ogata 
et al., 1971). 


Enrichment and isolation procedures 


Typical steps in isolation of all mollicutes were outlined in the 
recently revised minimal standards for descriptions of novel 


species (Brown et al., 2007). Techniques for isolation of achole- 
plasmas from animal tissues and from cell cultures have been 
described (Tully, 1983). Although colonies are occasionally 
first detected on blood agar, complex undefined media such 
as American Type Culture Collection medium 988 (SP-4) are 
usually required for primary isolation and maintenance. Cell 
wall-targeting antibiotics are included to discourage growth of 
other bacteria. Phenol red facilitates detection of species that 
excrete acidic or alkaline metabolites. Commonly used alterna- 
tives such as Frey's, Hayflick's and Friis’ media differ from SP-4 
mainly in the proportions of inorganic salts, amino acids, serum 
sources, and types of antibiotics included. Broths are incubated 
aerobically at 37°C for 14 d and examined periodically for tur- 
bidity or pH changes, either to acid or alkaline levels. Tubes 
showing turbidity are plated to agar prepared from the same 
medium formulation, and the plates are incubated at 37°C in 
an atmosphere of 95% Ny 5% CO,, as in the GasPak system. 
Tubes without obvious turbidity should be plated at the end of 
the 14-d incubation period. Initial isolates may contain a mix- 
ture of species, so cloning by repeated filtration through mem- 
brane filters with a pore size of 450 or 220 nm is essential. The 
initial filtrate and dilutions of it are cultured on solid medium 
and an isolated colony is subsequently picked from a plate on 
which only a few colonies have developed. This colony is used 
to found a new cultural line, which is then expanded, filtered, 
plated, and picked two additional times. Identification is con- 
firmed by additional biochemical and serological tests. 


Maintenance procedures 


Stock acholeplasma cultures can be maintained in either 
mycoplasma broth medium containing 5-20% serum or in 
the serum-fraction broth formulation at room temperature 
(25-30°C) with only weekly transfer (Tully, 1995). Maintenance 
is best in broth medium devoid of glucose, since excess acid 
production reduces viability. Stock cultures can also be main- 
tained indefinitely when frozen at —70°C. Agar colonies can 
also be maintained for 1-2 weeks at 25°C if plates are sealed 
to prevent drying. For optimum preservation, acholeplasmas 
should be lyophilized directly in the culture medium when the 
broth cultures reach a mid-exponential phase, usually 1-2 d at 
37°C. Lyophilized cultures should be sealed under vacuum and 
stored at 4^C (Leach, 1983). 
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Differentiation of the genus Acholeplasma 
from other genera 


Properties that partially fulfill criteria for assignment to the 
class Mollicutes (Brown et al., 2007) include absence of a cell 
wall, filterability, and the presence of conserved 16S rRNA 
gene sequences. They usually possess two 16S rRNA operons. 
Aerobic or facultative anaerobic growth in artificial media 
and the absence of a requirement for sterols or cholesterol 
for growth exclude assignment to the genera Anaeroplasma, 
Asteroleplasma, “Candidatus Phytoplasma”, Mycoplasma, or Ure- 
aplasma. Absence of a spiral cellular morphology, regular asso- 
ciation with a vertebrate host or fluids of vertebrate origin, and 
regular use of the codon UGG to encode tryptophan (Knight, 
2004) and UGA as a stop codon (Tanaka et al., 1989, 1991) 
support exclusion from the genera Spiroplasma, Entomoplasma, 
or Mesoplasma. Reduction of the redox indicator benzyl violo- 
gen has been reported to be fairly specific for differentiation 
of the genus Acholeplasma from other mollicutes (Pollack et al., 
19962). Only Acholeplasma multilocale failed to give a positive 
reaction, although several Mesoplasma and Entomoplasma spe- 
cies yielded variable responses to the test (Pollack et al., 19962). 
Most acholeplasmas have membrane-localized NADH oxidase 
activity in comparison to the NADH oxidase activity located 
in the cytoplasm of other genera within the class. Another 
special characteristic is the occurrence in most acholeplasmas 
of unique pyrimidine enzymic activities, especially a dUTPase 
enzyme, with the possible exception again of Acholeplasma mul- 
lilocale (Pollack et al., 1996b). Acholeplasmas may possess a 
number of other biological characteristics that may distinguish 
them from other genera within the class Mollicutes, including 
polyterpenol synthesis (Smith and Langworthy, 1979), posi- 
tional distribution offatty acids (Rottem and Markowitz, 1979), 
the presence of superoxide dismutase (Kirby et al., 1980; Lee 
and Kenny, 1984; Lynch and Cole, 1980; O'Brien et al., 1981), 
and the presence of spacer tRNA (Nakagawa et al. 1992). 
However, most of these features have not been established for 
even a majority of Acholeplasma species. 


Taxonomic comments 


Acholeplasma genome sizes range from 1215 to 2095 kbp by 
pulsed-field gel electrophoresis or complete DNA sequencing, 
but most are in a more narrow range of 1215-1610 kbp (Carle 
et al., 1993; Neimark et al., 1992) that overlaps with genome 
sizes of many Spiroplasma species. Tests of eight Acholeplasma 
species showed less than 876 DNA-DNA hybridization between 
type strains and surprisingly extensive genomic heterogene- 
ity within species (Aulakh et al., 1983; Stephens et al., 1983a, 
b). The highest level of relatedness, 21% DNA-DNA hybrid- 
ization, was between the type strains of Acholeplasma laidlawii 
and Acholeplasma granularum. Some strain pairs, such as within 
Acholeplasma laidlawii, shared as little as 4076 DNA-DNA hybrid- 
ization, differences that in other genera would have justified 
subdivision of an apparently diverse strain complex into com- 
ponent species. However, no polyphasic taxonomic basis was 
found to support such designations. Restriction endonuclease 
digest patterns also reflect heterogeneity within some species 
(Razin et al., 1983). The DNA-DNA hybridization and restric- 
tion digest patterns of eight Acholeplasma axanthum strains iso- 
lated from a variety of hosts and habitats differed markedly 
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from each other and some heterogeneity occurred among six 
different Acholeplasma oculi strains. 

Mesoplasma pleciae was first isolated from the hemolymph of 
a larva of a Plecia corn root maggot and assigned to the genus 
Mesoplasma because sustained growth occurred in serum-free 
mycoplasma broth only when the medium contained 0.04% 
Tween 80 fatty acid mixture (Tully et al., 1994a). However, 16S 
rRNA gene sequence similarities and its preferred use of UGG 
rather than UGA to encode tryptophan support proper reclas- 
sification as Acholeplasma pleciae comb. nov. (Knight, 2004); the 
type strain is PS-17 (Tully et al., 19942). 

Mycoplasma feliminutum was first described during a time 
when the only named genus of mollicutes was Mycoplasma. 
Its publication coincided with the first proposal of the genus 
Acholeplasma (Edward and Freundt, 1969, 1970), with which 
Mycoplasma feliminutum is properly affiliated through estab- 
lished phenotypic (Heyward et al., 1969) and 16S rRNA gene 
sequence (Brown et al., 1995; Johansson and Pettersson, 2002) 
similarities. This explains the apparent inconsistencies with its 
assignment to the genus Mycoplasma. The name Mycoplasma 
feliminutum should therefore be revised to Acholeplasma felim- 
inutum comb. nov.; the type strain is Ben! (ZATCC 257491; Hey- 
ward et al., 1969). 

The lack of signature enzymic activities cast serious doubt 
on the status of Acholeplasma multilocale PN525" as an authentic 
member of the genus Acholeplasma (Pollack et al., 1996b). It 
may be affiliated with an unrecognized metabolic subgroup, 
but it seems more likely to be a strain of Mycoplasma or Ento- 
moplasma. 
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Differentiation of the species of the genus 
Acholeplasma 


Esculin hydrolysis by a B-p-glucosidase and arbutin hydrolysis 
are sometimes useful diagnostic tests for differentiation of 
some acholeplasmas (Bradbury, 1977; Rose and Tully, 1983). 
The production of carotenoid pigments, principally neuro- 
sporene, has been used to differentiate some acholeplasmas, 
especially Acholeplasma axanthum and Acholeplasma modicum 
(Mayberry et al., 1974; Smith and Langworthy, 1979; Tully 
and Razin, 1970). Carotenoids are also synthesized in some 
strains of Acholeplasma laidlawii under certain growth condi- 
tions (Johansson, 1974). The “film and spots” reaction, which 
occurs in a number of Mycoplasma and several Acholeplasma spe- 
cies, relates to the production of crystallized calcium soaps of 
fatty acids on the surface of agar plates (Edward, 1954; Fabricant 
and Freundt, 1967). Fatty acids are liberated from the serum or 
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supplemental egg yolk (Fabricant and Freundt, 1967; Thorns 
and Boughton, 1978) in the agar medium by the lipolytic activ- 
ity of the organisms. Failure to cross-react with antisera against 
previously recognized species provides evidence for species 
novelty. For this reason, deposition of antiserum against a 
novel type strain into a recognized collection is still manda- 
tory for new species descriptions (Brown et al., 2007). Prelimi- 


nary differentiation can be by PCR and DNA sequencing using 
primers specific for bacterial 16S rRNA genes or the 16S—23S 
intergenic region. A similarity matrix relating the candidate 
strain to its closest neighbors, usually species with 20.94 16S 
rRNA gene sequence similarity, will suggest an assemblage of 
related species that should be examined for serological cross- 
reactivities. 


List of species of the genus Acholeplasma 


1. Acholeplasma laidlawii (Sabin 1941) Edward and Freundt 
1970, 1^- (Sapromyces laidlawi Sabin 1941, 334) 


laid.law'i.i. N.L. gen. masc. n. laidlawii of Laidlaw, named 
after Patrick P. Laidlaw, one of the microbiologists who first 
isolated this species. 


This is the type species of the genus Acholeplasma. Fila- 
ments, usually relatively short, although much longer 
branched filaments may develop in media with certain 
ratios of saturated to unsaturated fatty acids. Coccoid forms 
may predominate in certain cultures including co-culture 
with eukaryotic cells. Agar colonies are large for a mollicute 
and exhibit well-developed central zones and peripheral 
growth on horse serum agar. On serum-free agar, colonies 
are smaller and may show only the central zone of growth 
into the agar. Relatively strong turbidity is produced during 
growth in broth containing serum. Temperature range for 
growth is 20-41*C with optimum at 37°C, even for strains 
recovered from plant or non-animal sources. Usually pro- 
duces large amounts of carotenoids when cultivated in the 
presence of PPLO serum fraction (Difco). 

Serologically distinct from most established species in 
the genus, but partial cross-reactions may occur with Achole- 
plasma granularumstrains. DNA-DNA hybridization between 
strains of this species range from 40 to >80%. Acholeplasma 
granularum strain BTS-39* showed 20% hybridization with 
Acholeplasma laidlawii strain PG8'. Pathogenicity has not 
been established. 

Source: isolated from sewage, manure, humus, soil, and 
many animal hosts and their tissues, including some isolates 
from the human oral cavity, vagina, and wounds. Has been 
recovered from the surfaces of some plants, although few 
isolations have been reported from insect hosts. Frequent 
contaminant of eukaryotic cell cultures. 

DNA G+C content (mol % ): 31.7-35.7 (Bd, T). 

Type strain: ATCC 23206, PG8, NCTC 10116, CIP 75.27, 
NBRC 14400. 

Sequence accession no. (16S rRNA gene): U14905. 

Further comment: on the Approved Lists of Bacterial Names 
and on the Approved Lists of Bacterial Names (Amended 
Edition), this taxon is incorrectly cited as Acholeplasma laid- 
lawii [Freundt 1955 (sic) ] Edward and Freundt (1970). 


2. Acholeplasma axanthum Tully and Razin 1970, 754^ 


a.xan'thum. Gr. pref. a not, without; Gr. adj. xanthos -é -on 
yellow; N.L. neut. adj. axanthum without yellow (pigment). 


Predominantly coccobacillary and coccoid with a few 
short myceloid elements. Large colonies with clearly 
marked centers form on horse serum agar; colonies on 
serum-free agar are smaller and usually lack the peripheral 


growth around their center. Agar colonies produce zones 
of B-hemolysis by the overlay technique. Growth in media 
devoid of serum or serum fraction is much poorer than for 
other acholeplasmas. Minimal nutritional requirements are 
poorly defined, but marked stimulation of growth with poly- 
oxyethylene sorbitan (Tween 80) suggests a requirement 
for fatty acids. Temperature range for growth is 22-37°C 
with optimum growth at 37°C. Synthesis of carotenoid pig- 
ments can be demonstrated only when large volume cul- 
tures are tested. Produces sphingolipids. No evidence for 
pathogenicity. 

Source: originally isolated from murine leukemia tissue cul- 
ture cells, but numerous subsequent isolations of the organ- 
ism from bovine serum and a variety of bovine tissue sites 
(nasal cavity, lymph nodes, kidney) suggest cell-culture con- 
tamination was of bovine serum origin. Also isolated from 
variety of other animals and surfaces of some plants. 

DNA G+C content (mol96): 31 (Bd). 

Type strain: S-743, ATCC 25176, NCTC 10138. 

Sequence accession no. (16S rRNA gene): AF412968. 


3. Acholeplasma brassicae Tully, Whitcomb, Rose, Bové, Carle, 
Somerson, Williamson and Eden-Green 1994b, 683°" 


bras.si'cae. L. fem. gen. n. brassicae of cabbage, referring to 
the plant origin of the organism. 


Cells are primarily coccoid. Temperature range for 
growth is 18-37*C. Optimal growth occurs at 30°C. No evi- 
dence for pathogenicity. 

Source: isolated as a surface contaminant from broccoli 
(Brassica oleracea var. italica). 

DNA G+C content (mol % ): 35.5 (Bd, T. , HPLC). 

Type strain: 0502, ATCC 49388. 

Sequence accession no. (16S rRNA gene): AY538163. 


4. Acholeplasma cavigenitalium Hill 1992, 591" 


ca.vi.ge.ni.ta'li.um. N.L. n. cavia guinea pig (Cavia cobaya); 
L. pl. n. genitalia -ium the genitals; N.L. pl. gen. n. cavigenita- 
lium of guinea pig genitals. 


Pleomorphic cells, mostly coccoid. Grows on broth or 
agar medium under aerobic conditions, with optimum tem- 
perature between 35 and 37°C. Colonies on agar medium 
have typical fried-egg appearance. Originally described as a 
non-fermenter, but the type strain ferments glucose. Does 
not grow well on SP-4 broth or in horse serum broth, but 
grows well on simple base medium with additions of 10-15% 
fetal bovine serum. No evidence for pathogenicity. 

Source: isolated from the vagina of guinea pigs. 

DNA G+C content (mol96): 36 (Bd). 

Type strain: GP3, NCTC 11727, ATCC 49901. 

Sequence accession no. (16S rRNA gene): AY538164. 
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Acholeplasma entomophilum Tully, Rose, Carle, Bové, 
Hackett and Whitcomb 1988, 166%" 

en.to.mo.phi'lum. Gr. n. entomon insect; N.L. neut. adj. phi- 
lum (from Gr. neut. adj. philon) friend, loving; N.L. neut. 
adj. entomophilum insectloving. 

Cells are pleomorphic, but primarily coccoid. Colonies 
on solid medium usually have a fried-egg appearance. Acid 
is produced from glucose, but not mannose. Carotenoids 
are not produced. “Film and spot" reaction is negative. 
Agar colonies hemadsorb guinea pig erythrocytes. Strains 
require 0.4% Tween 80 or fatty acid supplements for growth 
in serum-free media. Temperature range for growth is 
23-32°C, with optimum growth at about 30°C. Pathogenic- 
ity has not been established. 

Source: isolated from gut contents of tabanid flies, beetles, 
butterflies, honey bees, and moths, and from flowers. 

DNA G+C content (mol96): 30 (Bd). 

Type strain: TAC, ATCC 43706. 

Sequence accession no. (16S rRNA gene): M23931. 

Further comment: with the proposal of the order Ento- 
moplasmatales (Tully et al., 1993), Acholeplasma entomophi- 
lum was transferred to the family Entomoplasmataceae. The 
name Acholeplasma entomophilum was therefore revised to 
Mesoplasma entomophilum comb. nov. The type strain is TAC! 
(-ATCC 437067; Tully et al., 1988). 


Acholeplasma equifetale Kirchhoff 1978, 81^- 


eq.ui.fe.ta'le. L. n. equus horse; N.L. adj. fetalis -is -e pertain- 
ing to the fetus; N.L. neut. adj. equifetale pertaining to the 
horse fetus. 


Cells are pleomorphic, but predominantly coccoid. Col- 
onies on solid medium containing serum usually have a 
fried-egg appearance; on serum-free medium, colonies are 
similar, but usually smaller. Growth temperature range is 
22-3777 C. Pathogenicity has not been established. 

Source: isolated from the lung and liver of aborted horse 
fetuses. Also recovered from the respiratory tract of appar- 
ently normal horses and the respiratory tract and cloacae of 
broiler chickens (Bradbury, 1978). 

DNA G+C content (mol 96): 30.5 (Bd). 

Type strain: C112, ATCC 29724, NCTC 10171. 

Sequence accession no. (16S rRNA gene): AY538165. 

Further comment: Kirchhoffis incorrectly cited as "Kirchoff" 
on the Approved Lists of Bacterial Names. 


Acholeplasma florum McCoy, Basham, Tully, Rose, Carle 
and Bové 1984, 14V" 


flo'rum. L. gen. pl. n. florum of flowers, indicating the 
recovery site of the organism. 


Cells are ovoid. Colonies on agar are umbonate. Films 
and spots are produced on serum-containing media. Glu- 
cose is utilized, but mannose is not. Carotenes are not pro- 
duced, nor is B-p-glucosidase. Pathogenicity has not been 
established. 

Source: the known strains were isolated from flower sur- 
faces. 

DNA G+C content (mol 96): 27.3 (Bd). 

Type strain: L1, ATCC 33453. 

Sequence accession nos: AF300327 (16S rRNA gene), 
NC. 006055 (strain L1" complete genome). 


10. 


Further comment: with the proposal of the order Ento- 
moplasmatales (Tully et al., 1993), Acholeplasma florum was 
transferred to the family Entomoplasmataceae. The name 
Acholeplasma florum was therefore revised to Mesoplasma 
florum comb. nov. The type strain is LI” (=ATCC 334537; 
McCoy et al., 1984). 


. Acholeplasma granularum (Switzer 1964) Edward and Fre- 


undt 1970, 2^ (Mycoplasma granularum Switzer 1964, 504) 


gra.nu.la'rum. N.L. fem. n. granula (from L. neut. n. granu- 
lum) a small grain, a granule; N.L. gen. pl. n. granularum of 
small grains, made up of granules, granular. 


Cells are pleomorphic, with short filaments and coc- 
coid cells. Colonies on solid medium are large with clearly 
marked central zones and a fried-egg appearance. Colonies 
on serum-free medium are smaller and may lack the periph- 
eral zone of growth around central core. Temperature 
range for growth is 22-37°C, with optimum around 37°C. 
Agar colonies produce a zone of B-hemolysis by the overlay 
technique using sheep erythrocytes. DNA-DNA hybridiza- 
tion studies showed 20-22% hybridization with Acholeplasma 
laidlawii, but none with other acholeplasmas. Pathogenic- 
ity has not been established. Aerosol challenge of specific 
pathogen-free pigs did not induce clinical or histological 
evidence of disease. 

Source: isolated frequently from the nasal cavity of swine, 
with occasional isolates from swine lung and feces. Also 
isolated from the conjunctivae and nasopharynx of horses, 
and the genital tract of guinea pigs. Occasional contami- 
nant of eukaryotic cell cultures. 

DNA G«C content (mol % ): 30.5-32.4 (T. , Bd). 
Type strain: BTS-39, ATCC 19168, NCTC 10128. 
Sequence accession no. (16S rRNA gene): AY538166. 


. Acholeplasma hippikon Kirchhoff 1978, 81^ 


hip.pi'kon. Gr. neut. adj. hippikon pertaining to the horse. 


Cells are pleomorphic with predominantly coccoid 
forms. Colonies on solid medium containing horse serum 
typically have a fried-egg appearance, with smaller colonies 
on serum-free agar medium. Growth occurs over a tempera- 
ture range of 22-37*C, with optimal growth at 35-37°C. Agar 
colonies produce p-hemolysis with the overlay technique, 
using a variety of animal red blood cells. Pathogenicity has 
not been established. 

Source: isolated from the lung of aborted horse fetuses. 

DNA G+C content (mol96): 33.1 (Bd). 

Type strain: C1, ATCC 29725, NCTC 10172. 

Sequence accession no. (16S rRNA gene): AY538167. 

Further comment: Kirchhoffis incorrectly cited as “Kirchoff” 
on the Approved Lists of Bacterial Names. 


Acholeplasma modicum Leach 1973, 147^- 


mo'di.cum. L. neut. adj. modicum moderate, referring to 
moderate growth. 


Cells are pleomorphic, with spherical, ring-shaped, and 
coccobacillary forms. Colonies on solid medium are dis- 
tinctly smaller than those of most other acholeplasmas. 
Very small colonies without peripheral zones of growth are 
noted on serum-free solid medium. Very light turbidity is 
observed in serum-free broth, but more turbidity is found 
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in broth containing serum. Growth temperature range is 
22-37°C, with optimum growth around 35-37°C. Can be 
shown to produce carotenoids when large volumes of cells 
are examined. Agar colonies produce o- or B-hemolysis by 
the overlay technique using sheep, ox, or guinea pig red 
blood cells. Pathogenicity has not been established. 

Source: isolated from various tissues of cattle, including 
blood, bronchial lymph nodes, thoracic fluids, lungs, and 
semen. Also isolated from nasal secretions of pigs, and occa- 
sionally from chickens, turkeys, and ducks. 

DNA G+C content (mol % ): 29.3 (T). 

Type strain: PG49, ATCC 29102, NCTC 10134. 

Sequence accession no. (16S rRNA gene): M23933. 


11. Acholeplasma morum Rose, Tully and Del Giudice 1980, 


653%" 
mor'um. L. n. morum a mulberry, denoting the mulberry- 
like appearance of agar colonies of the organism. 


Cells are pleomorphic, predominantly coccoid or cocco- 
bacillary forms, but with some beaded filaments. Colonies 
on solid medium without serum supplements are very small 
in size and have only central zones without any peripheral 
growth. Optimal growth on solid medium occurs with a 
10% serum concentration and colony growth appears to be 
suppressed in a medium with 20% serum. Optimal growth 
in broth is apparent when 5-10% serum is added or when 
1% bovine serum fraction supplements are added, but 
poor growth occurs in broth containing 20% horse serum. 
Growth in serum-free broth usually requires some fatty acid 
supplements, such as palmitic acid or polyoxyethylene sorbi- 
tan (Tween 80). Temperature range for growth is 23-37°C, 
with optimum growth at about 35-37*C. 

Pathogenicity has not been established. Calf kidney cell cul- 
tures containing the organism show cytopathogenic effects. 

Source: originally recovered from commercial fetal bovine 
serum and from calf kidney cultures containing fetal bovine 
serum. One isolation, in broth containing horse serum, was 
from a pool of Armigeres subalbatus mosquitoes collected by 
Leon Rosen in Taiwan in 1978 (strain SP7; D.L. Williamson 
and J.G. Tully, unpublished). 

DNA G+C content (mol % ): 34.0 (T). 

Type strain: 72-043, ATCC 83211, NCTC 10188. 

Sequence accession no. (16S rRNA gene): AY538168. 


12. Acholeplasma multilocale Hill, Polak-Vogelzang and Angulo 


1992, 516%? 

mul.ti.lo.ca'le. L. adj. multus many, numerous; L. adj. localis 
-is -e of or belonging to a place, local; N.L. neut. adj. multilo- 
cale referring to more than one location. 

Pleomorphic cells. Colonies on agar medium have a 
typical fried-egg appearance. Organisms grow well in broth 
medium at 35-37*C. No evidence for pathogenicity. 

Source: isolated from the nasopharynx of a horse and the 
feces of a rabbit. 

DNA G+C content (mol96): 31 (Bd). 

Type strain: PN525, NCTC 11723, ATCC 49900. 

Sequence accession no. (16S rRNA gene): AY538169. 


13. Acholeplasma oculi corrig. al-Aubaidi, Dardiri, Muscoplatt 


and McCauley 1973, 126^- 


o'cu.li. L. n. oculus the eye; L. gen. n. oculi of the eye. 


14. 


15. 
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Cells are pleomorphic, including spherical, ring-shaped, 
and coccobacillary forms. Medium-sized colonies with typi- 
cal fried-egg appearance are formed on horse serum agar. 
Colonies on serum-free agar are smaller and may lack the 
peripheral growth around the central core. Growth occurs 
at temperatures of 25-37°C. Agar colonies produce zones of 
hemolysis by the overlay technique using sheep red blood 
cells. 

Pathogenicity is not well established. Intravenous inoc- 
ulation of goats produced signs of pneumonia and death 
within 6 d. Conjunctival inoculation of goats produced mild 
conjunctivitis. 

Source: isolated from the conjunctiva of goats with kera- 
toconjunctivitis; porcine nasal secretions; equine nasophar- 
ynx, lung, spinal fluid, joint, and semen; the urogenital 
tract of cattle; and the external genitalia of guinea pigs. 
Present in amniotic fluid of pregnant women (Waites et al., 
1987). Occasionally isolated from ducks and turkeys, with 
unreported isolations from an ostrich. Also several isola- 
tions from palm trees and other plants (Eden-Green and 
Tully, 1979; Somerson et al., 1982). Isolations from eukary- 
otic cell cultures may represent contamination of bovine 
origin. 

DNA G+C content (mol % ): 27 (T). 

Type strain: 19-L, ATCC 27350, NCTC 10150. 

Sequence accession no. (16S rRNA gene): U14904. 

Further comment: originally named Acholeplasma oculusi 
by al-Aubaidi et al. (1973); the orthographic error was cor- 
rected by al-Aubaidi (1975). 


Acholeplasma palmae Tully, Whitcomb, Rose, Bové, Carle, 
Somerson, Williamson and Eden-Green 1994b, 683V* 


pal'mae. L. fem. gen. n. palmae of a palm tree, referring to 
the plant from which the organism was isolated. 


Cells are primarily coccoid. Colonies on solid medium 
usually have a fried-egg appearance. The temperature 
range for growth is 18-37*C, with optimal growth occurring 
at 30°C. No evidence for pathogenicity. It is one of the clos- 
est phylogenetic relatives of the phytoplasmas. 

Source: isolated from the crown tissues of a palm tree 
(Cocos nucifera) with lethal yellowing disease. 

DNA G+C content (mol % ): 30 (Bd, T. , HPLC). 

Type strain: J233, ATCC 49389. 

Sequence accession no. (16S rRNA gene): L33734. 


Acholeplasma parvum Atobe, Watabe and Ogata 1983, 348‘? 


par'vum. L. neut. adj. parvum small, intended to refer to 
the poor biochemical activities and tiny agar colonies of the 
organism. 


Pleomorphic coccobacillary cells. Colonies on agar 
medium present a typical fried-egg appearance under both 
aerobic and anaerobic conditions. Initial reports of growth 
in the absence of cholesterol or serum have been made, but 
growth on serum-free medium is not well confirmed. The 
organism does not grow in most standard media for achole- 
plasmas or in most other medium formulations for sterol- 
requiring mycoplasmas. Needs special growth factor of 196 
phytone or soytone peptone supplements; growth is some- 
times better with the addition of 15% fetal bovine serum. 
Organisms grow on agar better than in broth; growth is 
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better under aerobic conditions than under anaerobic 
conditions and better at 22-30°C than at 37°C. No evidence 
of fermentation of any carbohydrate, including glucose, 
salicin, and esculin. No evidence for pathogenicity. 

Source: isolated from the oral cavities and vagina of 
healthy horses. 

DNA G+C content (mol % ): 29.1 (T). 

Type strain: H23M, ATCC 29892, NCTC 10198. 

Sequence accession no. (16S rRNA gene): AY538170. 


16. Acholeplasma pleciae (Tully, Whitcomb, Hackett, Rose, 
Henegar, Bové, Carle, Williamson and Clark 1994a) Knight 
2004, 1952V* ( Mesoplasma pleciae Tully, Whitcomb, Hackett, Rose, 
Henegar, Bové, Carle, Williamson and Clark 1994a, 690) 


ple.ci'ae. N.L. gen. n. pleciae of Plecia, referring to the genus 
of corn maggot (Plecia sp.) from which the organism was 
first isolated. 


Cells are primarily coccoid. Colonies on solid media 
incubated under anaerobic conditions at 30°C have a fried- 
egg appearance. Supplements of 0.04% polyoxyethylene 
sorbitan (Tween 80) are required for growth in serum-free 
media. Temperature range for growth is 18-32°C, with 
optimal growth at 30°C. Agar colonies do not hemadsorb 
guinea pig erythrocytes. No evidence for pathogenicity. 

Source: originally isolated from the hemolymph of a larva 
of the corn root maggot (Plecia sp.). 

DNA G+C content (mol96): 31.6 (Bd, T. , HPLC). 

Type strain: PS-1, ATCC 49582. 

Sequence accession no. (16S rRNA gene): AY257485. 


17. Acholeplasma seiffertii Bonnet, Saillard, Vignault, Garnier, 
Carle, Bové, Rose, Tully and Whitcomb 1991, 48°? 


seif.fer'ti.i. N.L. gen. masc. n. seiffertii of Seiffert, in honor 
of Gustav Seiffert, a German microbiologist who performed 
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Family Il. Incertae sedis 


This family includes the phytoplasma strains of the order 
Acholeplasmatales. Although never cultured in cell-free media, 


these plant pathogens and symbionts have been well studied by 
culture-independent methods. 


Genus I. “Candidatus Phytoplasma” gen. nov. IRPCM Phytoplasma/Spiroplasma Working Team 2004, 1244 


NicEL A. Harrison, DAWN GUNDERSEN-RINDAL AND Rosert E. Davis 


Phy.to.plas’ma. Gr. masc. n. phytos a plant; Gr. neut. n. plasma something formed or molded, a form. 


Phytoplasmas (Sears and Kirkpatrick, 1994) are wall-less, nutri- 
tionally fastidious, phytopathogenic prokaryotes 0.2-0.8 pm 
in diameter that morphologically resemble members of the 
Mollicutes. Sequencing of nearly full-length PCR-amplified 
16S rRNA genes (Gundersen et al., 1994; Namba et al., 1993; 
Seemüller et al., 1994), combined with earlier studies (Kuske 
and Kirkpatrick, 1992b; Lim and Sears, 1989), provided the 
first comprehensive phylogeny of the organisms and showed 
that they constitute a unique, monophyletic clade within the 
Mollicutes. These organisms are most closely related to mem- 
bers of the genus Acholeplasma within the Anaeroplasma clade as 
defined by Weisburg et al. (1989). Sustained culture in cell-free 


media has not yet been demonstrated for any phytoplasma. 
Their genome sizes have been estimated to range from 530 to 
1350 kb, and the G+C content of phytoplasma DNA is about 
23-30 mol%. The presence of a characteristic oligonucleotide 
sequence in the 165 rRNA gene, CAA GAY BAT KAT GTK TAG 
CYG GDC T, and standard codon usage indicate that phytoplas- 
mas represent a distinct taxon for which the name * Candidatus 
Phytoplasma" has been adopted by specialists in the molecular 
biology and pathogenicity of these and similar phytopatho- 
genic organisms (IRPCM Phytoplasma/Spiroplasma Working 
Team - Phytoplasma Taxonomy Group, 2004). At present, the 
designation * Candidatus" must still be used for new types. 


GENUS I. "CANDIDATUS PHYTOPLASMA” 


Further descriptive information 


Phytoplasma cells typically have a diameter less than 1 pm 
and are polymorphic. Viewed in ultra-thin section by electron 
microscopy Figure 115, they appear ovoid, oblong, or filamen- 
tous in plant and insect hosts (Doi et al., 1967; Hearon et al., 
1976). Transmission electron microscopy of semi-thick (0.3 pm) 
sections (Thomas, 1979) and serial sections (Chen and Hiruki, 
1978; Florance and Cameron, 1978; Waters and P. Hunt., 1980), 
and scanning electron microscopy studies (Bertaccini et al., 
1999; Haggis and Sinha, 1978; Marcone et al., 1996) have done 
much to clarify the gross cellular morphology of phytoplasmas. 
They range from spherical to filamentous, often with exten- 
sive branching reminiscent of that seen in Mycoplasma mycoides. 
Small dense rounded forms ~0.1 pm in diameter, formerly con- 
sidered to be “elementary bodies” when seen in thin section, 
were shown to represent constrictions in filamentous forms. 
Dumbbell-shaped forms once thought to be “dividing cells” 
are actually branch points of filamentous forms, whereas forms 
thought to have internal vesicles have been shown to have invo- 
luted membranes oriented such that the plane of the sections 
cut through the cell membrane twice (McCoy, 1979). Phyto- 
plasma cell membranes are resistant to digitonin and sensitive 
to hypotonic salt solutions, and, as such, are similar to those of 
non-sterol requiring mollicutes (Lim et al., 1992). 
Phytoplasmas are consistently observed within phloem sieve 
elements (Christensen et al., 2004; McCoy et al., 1989; Oshima 
et al., 2001b; Webb et al., 1999) and occasionally have been 
reported in both companion cells (Rudzinska-Langwald and 
Kaminska., 1999; Sears and Klomparens, 1989) and paren- 
chyma cells (Esau et al., 1976; Siller et al., 1987) of infected 
plants. Sieve elements are specialized living cells that lack nuclei 
when mature and transport photosynthate from leaves not only 
to growing tissues, but also to other tissues unable to photo- 
synthesize (Oparka and Turgeon, 1999; Sjólund, 1997). This 
applies particularly to roots that require considerable energy 
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for the uptake of water and nutrients (Flores et al., 1999). 
Phloem sap is unique in that it contains from 12 to 30% sucrose 
and is under high hydrostatic (turgor) pressure (Evert, 1977). 
Sieve elements have pores in their end plates and lateral walls, 
allowing passage of photosynthate to adjacent sieve tube ele- 
ments. The sieve pores, which have an average diameter of ~0.2 
pm, are of sufficient size to allow passage of spherical and fila- 
mentous phytoplasma cells from one sieve element to another 
(McCoy, 1979). The chemical composition of sieve sap is com- 
plex, containing sugars, minerals, free amino acids, proteins, 
and ATP (Van Helden et al., 1994). This rich milieu, with its 
high osmotic and hydrostatic pressures, serves to support exten- 
sive multiplication of phytoplasmas in planta. Phytoplasmas also 
multiply in the internal tissues and organs of their insect vectors 
(Kirkpatrick et al., 1987; Lefol et al., 1994; Marzachi et al., 2004; 
Nasu et al., 1970), which are primarily leafhoppers, planthop- 
pers, and psyllids (D’Arcy and Nault, 1982; Jones, 2002; Wein- 
traub and Beanland, 2006). In many respects, the composition 
of insect hemolymph is similar to that of plant phloem sap, as 
both contain high levels of complex and simple organic com- 
pounds (Moriwaki et al., 2003; Saglio and Whitcomb, 1979). 
Physical maps of several phytoplasma genomes have been 
constructed (Firrao et al., 1996; Lauer and Seemüller, 2000; 
Marcone and Seemüller, 2001; Padovan et al., 2000). The pres- 
ence of extrachromosomal DNAs or plasmids in numerous 
phytoplasmas has also been reported (Davis et al., 1988; Denes 
and Sinha, 1991; Kuboyama et al., 1998; Kuske and Kirkpat- 
rick, 1990; Liefting et al., 2004; Lin et al., 2009; Nakashima and 
Hayashi, 1997; Nishigawa et al., 2003; Oshima et al., 2001a; Tran- 
Nguyen and Gibb, 2006) and suggested as a potential means of 
intermolecular recombination (Nishigawa et al., 2002b). Phyto- 
plasma-associated extrachromosomal DNAs have been shown 
to contain genes encoding a putative geminivirus-related rep- 
lication (Rep) protein (Liefting et al., 2006; Nishigawa et al., 
2001; Rekab et al., 1999) and a single-stranded DNA-binding 


FIGURE 115. Electron micrographs of ultrathin sections of leaf petiole from a sunnhemp (Crotalaria juncea L.) plant 
displaying Crotalaria phyllody disease symptoms. (a) Polymorphic phytoplasma cells occluding the lumen of adjacent 
leaf phloem sieve tube elements. Bar = 2 pm. (b) Ultratructural morphology indicates phytoplasma cells are bounded 
by a unit membrane and contain DNA fibrils and ribosomes. Bar = 200 nm. Images provided by Phil Jones. 
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protein (Nishigawa et al., 2002a), as well as a putative gene simi- 
lar to DNA primase of other bacterial chromosomes (Liefting 
et al., 2004) and still other genes of as yet unknown identity. 
Moreover, heterogeneity in extrachromosomal DNAs has been 
associated with reduced pathogenicity and loss of insect vector 
transmissibility (Denes and Sinha, 1992; Nishigawa et al., 2002a, 
2003). 

Onion yellows mild strain (OY-M) was the first phytoplasma 
genome to be completely sequenced. The genome of this 
aster yellows group strain consists of a circular chromosome 
of 860,632 bp. It also contains two extrachromosomal DNAs, 
EcOYM (5025 bp) and plasmid pOYM (3932 bp) (Nishigawa 
et al., 2003; Oshima et al., 2002), representing two different 
classes based on the type of replication protein encoded. While 
EcOYM contains a rep gene homologous to that of the gemi- 
niviruses, pOYM has a rep gene that encodes a unique protein 
with characteristics of both viral-rep and plasmid-rep (Namba, 
2002). The chromosome is a circular DNA molecule with a G+C 
content of 28 mol% and contains 754 open reading frames 
(ORFs), comprising 73% of the chromosome. Of these, 66% of 
ORFs exhibit significant homology to gene sequences currently 
archived in the GenBank database. Putative proteins encoded 
by ORFs could be assigned to one of six different functional 
categories: (1) information storage and processing (260 ORFs); 
(2) metabolism (107 ORFs); (3) cellular processes (77 ORFs); 
(4) poorly characterized, i.e., with homology to uncharacter- 
ized proteins of other organisms (50 ORFs); or (5) others, i.e., 
without homology to any known proteins (260 ORFs). Like 
mycoplasmal genomes, the OY-M phytoplasma genome lacks 
many genes related to amino acid and fatty acid biosynthesis, 
the tricarboxylic acid cycle, and oxidative phosphorylation. 
However, OY-M phytoplasma differs from mycoplasma in that it 
lacks genes for the phosphotransferase system and for metabo- 
lizing UDP-galactose to glucose 1-phosphate, suggesting that 
it possesses a unique sugar intake and metabolic system. Fur- 
thermore, OY-M phytoplasma lacks most of the genes needed 
to synthesize nucleotides and ATP suggesting that it probably 
assimilates these and other necessary metabolites from host 
cytoplasm. Many genes, such as those for glycolysis, are pres- 
ent as multiple redundant copies representing 18% of the total 
genome. Twenty-seven genes encoding transporter systems 
such as malate, metal-ion and amino acid transporters, some 
of which have multiple copies, were identified, suggesting that 
phytoplasmas aggressively import many metabolites from the 
host cell. Other than genes encoding glucanase and hemolysin- 
like proteins, no other genes presently known to be related to 
bacterial pathogenicity were evident in the OY-M phytoplasma 
genome, suggesting novel mechanisms for virulence. 

Annotation of the OYM phytoplasma genome has been 
followed by three other phytoplasma genome annotations. 
Aster yellows witches’-broom phytoplasma (“Candidatus Phy- 
toplasma asteris”-related strain AY-WB) possesses a circu- 
lar 706,569 nucleotide chromosome and plasmids AYWB-pI 
(3872 bp), -pII (4009 bp), -pIII (5104 bp), and -pIV (4316 
bp) (Bai et al., 2006). Australian tomato big bud phytoplasma 
(*Candidatus Phytoplasma australiense"-related strain TBB) 
has a circular 879,324 bp chromosome and a 3700 bp plas- 
mid (Tran-Nguyen et al., 2008), whereas apple proliferation 
phytoplasma (“Candidatus Phytoplasma mali”-related strain 
AT) has a linear 601,943 bp chromosome (Kube et al., 2008). 
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The chromosome of “Candidatus Phytoplasma mali” is charac- 
terized by large terminal inverted repeats and covalently closed 
hairpin ends. Analysis of protein-coding genes revealed that gly- 
colysis, the major energy-yielding pathway supposed for OY-M 
phytoplasma, is incomplete in AT phytoplasma. It also differs 
from OY-M and AY-WB phytoplasmas by a lower G4C content 
(21.4 mol%), fewer paralogous genes, a strongly reduced num- 
ber of ABC transporters for amino acids, and an extended set 
of genes for homologous recombination, excision repair, and 
SOS response. 

Comparative genomics have also recently identified ORFs 
shared by AY-WB phytoplasma and the distantly-related corn 
stunt pathogen Spiroplasma kunkelii that are absent from obligate 
animal and human pathogenic mollicutes. These proteins were 
identified as polynucleotide phosphorylase (PNPase), cmp- 
binding factor (CBF), cytosine deaminase, and Y1xR protein 
and could be important for insect transmission or plant patho- 
genicity. Also identified were four additional proteins, ppGpp 
synthetase, HAD hydrolase, AtA (AAA type ATPase), and P-type 
Mg*' transport ATPase, that seemed to be more closely related 
between AY-WB and Spiroplasma kunkelii than to their mycoplas- 
mal counterparts (Bai et al., 2004). 

Phytoplasmas possess a unique genome architecture that is 
characterized by multiple, nonrandomly distributed sequence- 
variable mosaics (SVMs) of clustered genes, originally rec- 
ognized in a study of closely related “Candidatus Phytoplasma 
asteris"-related strains CPh and OY-M (Jomantiene and Davis, 
2006). Targeted genome sequencing and comparative genomics 
indicated that this genome architecture is a common charac- 
teristic among phytoplasmas, leading to the proposal that the 
origin of SVMs was an ancient event in the evolution of the phy- 
toplasma clade (Jomantiene et al., 2007), perhaps as a result of 
recurrent targeted attacks by mobile elements such as phages 
(Wei et al., 2008a). Jomantiene and Davis (2006) proposed that 
sizes and numbers of SVMs could account in part for the known 
variation in genome size among phytoplasma strains; this con- 
cept was independently suggested by Bai et al. (2006) on the 
basis of results from a comparative study of two completely 
sequenced phytoplasma genomes. Nucleotide sequences within 
SVMs included full length or pseudogene forms of fliA, an ATP- 
dependent Zn protease gene, tra), smc, himA, tmk, and ssb (encod- 
ing single-stranded DNA-binding protein), genes potentially 
encoding hypothetical proteins of unknown function, genes 
exhibiting similarities to transposase, and a phage-related gene 
(Jomantiene et al., 2007). A similar set of nucleotide sequences 
occurs in AYFWB genomic regions termed potential mobile units 
(PMUs) by Bai et al. (2006). The presence of sequences encod- 
ing putatively secreted and/or transmembrane, cell surface- 
interacting proteins indicates that these genomic features are 
likely to be significant for phytoplasma/host interactions (Bai 
et al., 2006; Jomantiene and Davis, 2006; Jomantiene et al., 
2007). 

Short (17-35 bases) conserved, imperfect palindromic DNA 
sequences (PhREPs) that are present in SVMs possibly play a 
role in phytoplasma genome plasticity and targeting of mobile 
genetic elements. SVMs can be viewed as composites formed 
by the acquisition of genes through horizontal transfer, recom- 
bination, and rearrangement, and capture of mobile elements 
recurrently targeted to SVMs, leading Jomantiene et al. (2007) 
to suggest that SVMs provide loci for acquisition of new genes 
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and targeting of mobile genetic elements to specific regions in 
phytoplasma chromosomes. 

The chromosomes of avirulent, mildly moderately, and 
highly virulent strains of "Candidatus Phytoplasma mali" 
(Seemüller and Schneider, 2007) differ from one another in 
size and exhibit distinct restriction endonuclease patterns when 
cleaved with rare cutting enzymes. PCR-based DNA ampli- 
fications, primed separately by eight primer pairs, revealed 
target sequence heterogeneity among all *Candidatus Phyto- 
plasma mali”-related strains tested, but no correlations linked 
molecular markers with strain virulence or the maximum titer 
obtained upon infection of apple trees. In a separate study, a 
comparison of mild (OY-M) and severe (OY-W) strains of onion 
yellows (OY) phytoplasma indicated that severe symptoms were 
associated with higher populations of OY-W in infected host 
plants (Oshima et al., 2001b). A cluster of eight genes, consid- 
ered essential for glycolysis, were subsequently identified within 
a similar 30 kb genomic region of both strains (Oshima et al., 
2007). Of these, five genes (smtA, greA, osmC, eno, and pfkA) were 
randomly duplicated in OY-W, possibly influencing glycolytic 
activitiy. A higher consumption of metabolites such as sugars in 
the intracellular environment of the phloem may explain dif- 
ferences between OY-W and OY-M in growth rate, which in turn 
may be linked, directly or indirectly, to symptom severity. 

Cloned fragments of phytoplasma DNA have been widely 
employed as probes in dot and Southern blot hybridization 
assays to identify and characterize phytoplasmas (reviewed by 
Lee and Davis, 1992; Lee et al. (2000). Southern blot restriction 
fragment length polymorphism (RFLP) analysis has enabled 
investigations of genetic relationships among phytoplasmas 
associated with similar hosts or with symptomatologically similar 
diseases (Kison et al., 1997, 1994; Kuske et al., 1991; Schneider 
and Seemüller, 1994b). Several discrete phytoplasma groups, 
each comprising strains that shared extensive sequence homol- 
ogy and little or no apparent homology with other phytoplas- 
mas, were identified by this type of analysis. Lee and co-workers 
(1992) coined the term "genomic strain cluster" to denote 
each of seven discrete genotypic groups resolved by employing 
a selection of phytoplasma genomic DNA probes (reviewed by 
Lee and Davis, 1992). Of these, aster yellows (AY) was the largest 
group, represented by 15 genetically variable strains that were 
further delineated into three distinct genomic types (types I, II, 
and III) or subclusters (Lee et al., 1992). Significantly, major 
groupings later revealed by RFLP analysis of 16S rRNA genes 
were consistent with those defined by monoclonal antibody 
typing (Lee et al., 1993a) and other molecular methods (Lee 
etal., 1998b), but differed from distinctions made in traditional 
classification based solely on biological properties such as plant 
host range, symptomatology, and insect vector specificity 
(Chiykowski and Sinha, 1990). 

Polyclonal antibodies (PAbs) have been produced against 
phytoplasma-enriched extracts (intact organisms or membrane 
fractions) partially purified from plants (reviewed by Chen 
et al., 1989) and against vector leafhopper-derived immunogens 
(Errampelli and Fletcher, 1993; Kirkpatrick et al., 1987). Most 
PAbs exhibit relatively high background reactions with healthy 
host antigens; thus, generation of useful polyclonal antisera has 
been limited so far to a few phytoplasmas maintained at high 
titer in host tissues. Phytoplasmas can be differentiated on the 
basis of their antigenic properties through the use of PAbs in 
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enzyme-linked immunosorbent (ELISA), immunofluorescence, 
or Western blot assays. Antigenic similarity revealed among phy- 
toplasmas by these assays is often in agreement with relationships 
demonstrated by vector transmission studies. Detection of anti- 
genically distinct phytoplasmas in plants exhibiting very similar 
disease symptoms attests to the unreliability of symptom expres- 
sion alone as a means of differentiating phytoplasmas. 

Improvements in phytoplasma extraction methods have 
provided a source of immunogens for monoclonal antibody 
(MAb) production (Chang et al., 1995; Hsu et al., 1990; Jiang 
et al., 1989; Loi et al., 2002, 1998; Shen and Lin, 1993; Tanne 
et al., 2001). Used in ELISA, dot or tissue blot immunoassay, 
immunocapture PCR (Rajan et al., 1995), immunofluorescence 
microscopy, or immunosorbent electron microscopy (ISEM) 
(Clark, 1992; Shen and Lin, 1994), MAbs have demonstrated 
considerable promise for detection and differentiation of phy- 
toplasmas infecting a broad range of host plants, including 
woody perennials (Guo et al., 1998). Due to their high degree 
of specificity, monoclonals seem most suited for differentiating 
very closely related strains (Lee et al., 1993a). 

Isolation, cloning, and expression of immunodominant pro- 
tein genes have identified putative proteins that account for a 
major portion of the membrane proteins of several phytoplas- 
mas (Arashida et al., 2008; Barbara et al., 2002; Berg et al., 1999; 
Blomquist et al., 2001; Galetto et al., 2008; Kakizawa et al., 2004, 
2009; Morton et al., 2003; Suzuki et al., 2006; Yu et al., 1998). 
When these purified proteins were used as immunogens, the 
resulting polyclonal antisera exhibited high specific titers and low 
background reactions in ELISA and Western blot analyses that 
were designed to detect phytoplasma proteins in infected hosts. 
Similarly, the secA gene was cloned from an onion yellows (OY-M) 
strain of aster yellows phytoplasma (Kakizawa et al., 2001) and 
used to raise an anti-SecA rabbit antibody against a purified par- 
tial SecA protein expressed in Escherichia coli. Light microscopy 
of thin sections of garland chrysanthemum (Chrysanthemum coro- 
narium) treated by immunohistochemical straining revealed that 
the SecA protein was present in phloem of OY-M-infected but not 
healthy host plants. In addition, antisera against both OY-M phy- 
toplasma SecA protein and GyrA protein of Acholeplasma laidlawii 
reacted with proteins of several unrelated phytoplasmas extracted 
from plant tissues (Koui et al., 2002; Wei et al., 2004a). 

Phytoplasmas are the apparent etiological agents of diseases 
of at least 1000 plant species worldwide (McCoy et al., 1989; 
Seemüller et al., 1998). Although they can be transmitted from 
infected to healthy plants by scion or root grafts, most plant 
to plant spread occurs naturally via phloem-feeding insect vec- 
tors primarily of the family Cicadellidae (leafhoppers) and, less 
commonly, by planthoppers (Fulgoroidea) of the family Cüxidae 
and psyllids (Psylloidea) (D’Arcy and Nault, 1982; Tsai, 1979; 
Weintraub and Beanland, 2006). Phytoplasmas are transmit- 
ted in a circulative-propagative manner that typically involves 
a transmission latent period from 2 to 8 weeks (Carraro et al., 
2001; Webb et al., 1999). The insect vector becomes infected 
upon ingesting phytoplasmas in phloem sap of infected plants. 
After an incubation period of one to several weeks, the phyto- 
plasma multiplies to high titer in the salivary glands and the 
insect becomes capable of infecting the phloem of the healthy 
plants on which it feeds (Kunkel, 1926; Lee et al., 1998a; Nasu 
et al., 1970). Generally, phytoplasma infection does not appear 
to significantly affect the activity, weight, longevity, or fecundity 
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of vector insects (Garnier et al., 2001). Some phytoplasmas can 
be vectored by many species of leafhoppers (McCoy et al., 1989; 
Nielson, 1979) and different insect species may serve as vectors 
in different geographic regions. Several vectors also have the 
ability to transmit more than one type of phytoplasma, whereas 
other phytoplasmas are transmitted by one or a few vector spe- 
cies to a narrow range of plant species (Lee et al., 1998a). There 
is mounting evidence also for transovarial transmission of some 
phytoplasmas (Alma et al., 1997; Hanboonsong et al., 2002; 
Kawakita et al., 2000; Tedeschi et al., 2006). 

Plants may serve as both natural and experimental hosts to 
several different phytoplasmas. Dual or mixed infections involv- 
ing related or unrelated phytoplasmas are known to occur 
naturally in plants and appear to be more common in peren- 
nial than annual plants (Bianco et al., 1993; Lee et al., 1995). 
Also, closely related phytoplasma strains are capable of induc- 
ing dissimilar symptoms on the same plant species (White et al., 
1998), whereas similar symptoms on the same host plant may be 
induced by unrelated phytoplasmas (Harrison et al., 2003). The 
ability to accurately identify phytoplasmas by using DNA-based 
methods has shown that these organisms are more genetically 
diverse than was once thought (Davis and Sinclair, 1998). The 
geographic occurrence of phytoplasmas is determined largely 
by geographic ranges and feeding behavior (mono-, oligo-, or 
polyphagous) of the vector species, the relative susceptibility of 
the preferred host plant species, and the native host ranges of 
plant and insect hosts (Lee et al., 1998a). Phytoplasmas can be 
introduced into new geographic regions by long-distance dis- 
persal of infectious vectors (Lee et al., 2003) and by movement 
of infected plants or vegetative plant parts. Most recently, phy- 
toplasma DNA has been detected in embryos of aborted seed 
from diseased plants (Cordova et al., 2003; Nipah et al., 2007) 
and seed transmission of phytoplasmas infecting alfalfa (Medi- 
cago sativa L.) has been demonstrated (Khan et al., 2002). 

An array of characteristic symptoms is associated with phy- 
toplasma infection of several hundred plant species world- 
wide. Symptoms vary according to the particular host species, 
stage of host infection and the associated phytoplasma strain 
(reviewed by Davis and Lee, 1992; Hogenhout et al., 2008; 
Kirkpatrick, 1989, 1992; Lee et al., 2000; McCoy et al., 1989; 
Seemüller et al., 2002; Sinclair et al., 1994). Some symptoms 
indicative of profound disturbances in the normal balance of 
growth regulators in plants include virescence (greening of pet- 
als), phyllody (conversion of floral organs into leafy structures), 
big bud, floral proliferation, sterility of flowers, proliferation 
of adventitious or axillary shoots, internode elongation and 
etiolation, generalized stunting (small flowers, leaves and fruits 
or shortened internodes), unseasonal discoloration of leaves or 
shoots (yellow to purple discoloration), leaf curling, cupping 
or crinkling, witches'-brooms (bunchy growth at stem apices), 
vein clearing, vein enlargement, phloem discoloration, and gen- 
eral plant decline such as die-back of twigs, branches and trunks 
(Lee and Davis, 1992; Lee et al., 2000; McCoy et al., 1989). 

Infection of herbaceous host plants is followed by rapid 
intraphloemic spread of phytoplasma from leaves to roots, often 
accompanied by six-fold increases in phytoplasma populations 
in these tissues between 14 and 28 d post-inoculation (Kuske 
and Kirkpatrick, 1992a; Wei et al., 2004b). Phytoplasma con- 
centrations ranging from 2.2 x 10° to 1.5 x 10? cells per gram of 
tissue have been measured in high titer herbaceous hosts such 
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as periwinkle (Catharanthus roseus) and in certain woody peren- 
nial hosts such as alder (A/nus) and most poplar (Populus) spe- 
cies. Lowest phytoplasma concentrations, from 370 to 34,000 
cells per gram of tissue, were detected in apple trees that were 
grafted on resistant rootstocks and in oak (Quercus robur) or 
hornbeam (Carpinus betulus) trees exhibiting nonspecific leaf 
yellowing symptoms (Berg and Seemüller, 1999). 

Colonization is usually marked by phloem dysfunction and 
a reduction in photosynthetic capacity. Alterations in phloem 
function have been correlated with structural degeneration of 
sieve elements due possibly to physical blockage by colonizing 
phytoplasma or the action of a phytotoxin (Guthrie et al., 2001; 
Siddique et al., 1998). The onset of symptoms may be accom- 
panied by substantial impairment of the photosynthetic rate of 
mature leaves and by fluctuations in carbohydrate and amino 
acid levels in source versus sink leaves (Lepka et al., 1999; Tan 
and Whitlow, 2001). Leaf yellowing is associated with: decreases 
in chlorophyll content, carotenoids, and soluble proteins (Ber- 
tamini and Nedunchezhian, 2001); abnormal stomatal func- 
tion (Martinez et al., 2000); histopathological changes such the 
amount of total polyphenols; loss of cellular integrity (Musetti 
et al., 2000); fluctuations in hydrogen peroxide; peroxidase 
activity and glutathione content in diseased versus healthy plant 
tissues (Musetti et al., 2004); and increases in calcium (Ca?) 
ions in cells (Musetti and Favali, 2003; Rudzinska-Langwald 
and Kaminska, 2003). Such adverse changes are accompanied 
by differential regulation of genes encoding proteins involved 
in floral development (Pracros et al., 2006), photosynthesis, 
sugar transport, and response to stress or in pathways of lipid 
and phenylpropanoid or phytosterol synthesis (Albertazzi 
et al., 2009; Carginale et al., 2004; Hren et al., 2009; Jagoueix- 
Eveillard et al., 2001). 

The organisms degenerate and lose their cellular contents 
following treatment of infected plants with tetracycline antibi- 
otics (Kamiñska and Sliwa, 2003; Sinha and Peterson, 1972). 
Tetracycline sensitivity and the lack of sensitivity to cell wall- 
inhibiting antibiotics such as penicillin (Davis and Whitcomb, 
1970; Ishii et al., 1967) also support their inclusion in the Mol- 
licutes. Protective or therapeutic treatments with tetracycline 
antibiotics for phytoplasma disease control have been extended 
to a few high-value crop plants such as coconut for control of 
palm lethal yellowing, and to cherries and peaches for control 
of X-disease (McCoy, 1982; Nyland, 1971; Raju and Nyland, 
1988). Administered by trunk injection, treatment of each tree 
with 1.0 g (protective dose) or 3.0 g (therapeutic dose) three 
times per year was sufficient for control of coconut lethal yel- 
lowing disease (McCoy, 1982). 


Enrichment and isolation procedures 


Isolation of phytoplasma-enriched fractions from plant and 
insect host tissues is possible by differential centrifugation and 
filtration after first disrupting tissues in osmotically-augmented 
buffers (Kirkpatrick et al., 1995; Lee et al., 1988; Sinha, 1979; 
Thomas and Balasundaran, 2001). Further purification of phy- 
toplasmas is possible by centrifugation of enriched preparations 
in discontinuous Percoll density gradients (Davis et al., 1988; 
Gomez et al., 1996; Jiang and Chen, 1987) or by affinity chro- 
matography using phytoplasma-specific antibodies coupled to 
Protein A-Sepharose columns (Jiang et al., 1988; Seddas et al., 
1995). Viability of these enriched preparations may be assessed 
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by infectivity tests in which aliquots of the phytoplasma prepa- 
rations are micro-injected into vector insects, which are then 
fed on healthy indicator plants (Nasu et al., 1974; Sinha, 1979; 
Whitcomb etal., 1966a, b). Separation of enriched phytoplasma 
DNA from mixtures with host DNA is also possible by use of 
cesium chloride-bisbenzimide buoyant density gradient centrif- 
ugation (Kollar and Seemüller, 1989). Present as an uppermost 
band in final gradients, phytoplasma DNA fractionated by this 
means was suitable for endonuclease digestion and cloning for 
DNA probe development (Harrison et al., 1992, 1991; Kollar 
and Seemüller, 1990). 


Maintenance procedures 


Viable phytoplasmas have been maintained for at least 6 years 
in intact vector insects frozen at —70°C (Chiykowski, 1983). 
Viable X-disease phytoplasmas have been maintained for 2 
weeks in salivary glands suspended in a tissue culture medium 
(Nasu et al., 1974). Extracts of phytoplasma-infected insects 
prepared in a MgCl,/glycine buffer, osmotically adjusted to 
800 milliosmoles/kg with sucrose, retained their infectivity for 
up to 3 d (Smith et al., 1981). Phytoplasma strains have been 
routinely maintained in diseased plants kept in an insect-proof 
greenhouse or in plantlets grown in tissue culture (Bertaccini 
et al., 1992; Davis and Lee, 1992; Jarausch et al., 1996; Sears 
and Klomparens, 1989; Wongkaew and Fletcher, 2004). While 
plant to plant transmission is accomplished naturally by vector 
insects and, in some cases, through grafts, experimental trans- 
missions commonly include the use of plant parasitic dodders 
(Cuscuta sp.) (Marcone et al., 1999a). Although phytoplasma 
strains are commonly maintained in plants by periodic graft 
inoculation, maintenance of phytoplasmas exclusively in plants 
can result in strain attenuation over time and an associated loss 
of transmissibility by vector insects (Chiykowski, 1988; Denes 
and Sinha, 1992). 


Differentiation of the genus "Candidatus Phytoplasma" 
from other genera 


Phytoplasma-specific nucleic acid probes and PCR technol- 
ogy have largely supplanted traditional methods of electron 
microscopy and biological criteria for sensitive detection, iden- 
tification, and genetic characterization of phytoplasmas. Molec- 
ular-based analyses have shown phytoplasma genomes to be 
A+T rich (Kollar and Seemuller, 1989; Oshima et al., 2004) and 
to range from 530 to 1350 kbp in size (Marcone et al., 1999b, 
2001; Neimark and Kirkpatrick, 1993). Before any phytoplasma 
genomes were sequenced, phytoplasmas were shown to con- 
tain two rRNA operons (Davis, 2003a; Harrison et al., 2002; Ho 
et al., 2001; Jomantiene et al., 2002; Jung et al., 2003a; Lee et al., 
1998b; Liefting et al., 1996; Marcone et al., 2000; Schneider 
and Seemüller, 1994a). Other genes that have been identified 
include ribosomal protein genes (Gundersen et al., 1994; Lee 
et al., 1998b; Lim and Sears, 1992; Martini et al., 2007; Miyata 
et al., 2002a; Toth et al., 1994) of the S10-spc operon (Miyata 
et al., 2002a), a nitroreductase gene (Jarausch et al., 1994), 
DNA gyrase genes (Chuang and Lin, 2000), genes encoding 
elongation factors G and Tu (An et al., 2006; Berg and Seemül- 
ler, 1999; Koui et al., 2003; Marcone et al., 2000; Miyata et al., 
2002b; Schneider et al., 1997), secA, secY, and secE genes of a 
functional Sec protein translocation system (Kakizawa et al., 
2001, 2004), gidA, potB, potC, and potD (Mounsey et al., 2006), 
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a gene encoding an RNase P ribozyme (Wagner et al., 2001), 
recA (Chu et al., 2006), rpoC (Lin et al. 2006), polC (Chi and 
Lin., 2005), and insertion sequence (IS)-like elements (Lee 
et al., 2005). Numerous other putative genes or pseudogenes 
have been identified recently after partially or fully sequencing 
random fragments of genomic DNA cloned from phytoplasmas 
by various methods (Bai et al., 2004; Cimerman et al., 2006, 
2009; Davis et al., 2003b, 2005; Garcia-Chapa et al., 2004; Lieft- 
ing and Kirkpatrick, 2003; Melamed et al., 2003; Miyata et al., 
2003; Streten and Gibb, 2003). 

Development of phytoplasma-specific rRNA gene primers 
has permitted PCR-mediated amplification of various regions 
of the rRNA operons (Ahrens and Seemüller, 1992; Baric and 
Dalla-Via, 2004; Davis and Lee, 1993; Deng and Hiruki, 1991; 
Gundersen and Lee, 1996; Lee et al., 1993b) (Namba et al., 
1993; Smart et al., 1996). RFLP analysis of PCR-amplified rDNA 
provided a practical solution to the problem of phytoplasma 
identification and classification (Lee et al., 2000, 1998b). Pair- 
wise comparisons of disparate strains were marked by consid- 
erable differences in RFLP patterns, whereas strains that were 
considered closely related on the basis of similar biological 
properties were often, although not always, indistinguishable on 
the basis of RFLP patterns. Alternatively, heteroduplex mobility 
analysis has demonstrated greater sensitivity than RFLP analy- 
sis for detecting minor variability in 16S rRNA genes of closely 
related phytoplasma strains (Cousin et al., 1998; Wang and 
Hiruki, 2000), since RFLP analysis is limited to detection of rec- 
ognition sites for restriction endonucleases. Cluster analysis of 
rDNA RFLP patterns provided the first means to differentiate 
between known and unknown phytoplasmas from a wide range 
of plant hosts and geographic locations, and to resolve phyto- 
plasmas into well-defined phylogenetic groups and subgroups 
(Ahrens and Seemüller, 1992; Lee et al., 1993b; Schneider 
et al., 1998, 1995). 


Taxonomic comments 


The inability to cultivate phytoplasmas outside of their plant 
and insect hosts has thus far rendered traditional methods 
impractical as aids for taxonomy of these organisms. Unlike 
their culturable Mollicute relatives, which were originally clas- 
sified based only upon biological and phenotypic properties 
in pure culture, phytoplasmas cannot be classified by these 
criteria. Through application of DNA-based methods, it is now 
possible to accurately identify and characterize phytoplasmas 
and to assess their genetic interrelationships. These capabilities 
have assisted development of classification systems, first based 
on hybridization data, later based on 16S rDNA RFLPs, and ulti- 
mately on phylogenetic analysis of 16S rRNA genes and other 
conserved gene sequences. Classification schemes founded 
upon these molecular criteria have been refined and expanded 
upon over time, with the goal of defining a taxonomy for these 
unique organisms. In a phytoplasma classification scheme pro- 
posed by Lee et al. (1993b), based on analyses of rDNA RFLPs, 
a total of nine primary 16S rDNA groups (termed 16Sr groups) 
and 14 subgroups were initially recognized. Phytoplasma groups 
delineated by these analyses were consistent with genomic 
strain clusters previously identified by DNA hybridization analy- 
sis (Lee et al., 1992), although a greater diversity among strains 
comprising group 16SrI (aster yellows and related strains) was 
indicated by the earlier hybridization data. Subgroups within a 
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given 16Sr group were distinguished by the presence of one or 
more restriction sites in a phytoplasma strain that differed from 
those in all existing members of a given subgroup. For those 
strains in which intra-rRNA operon heterogeneity was detected, 
subgroup designations were assigned according to the com- 
bined patterns of both 16S rRNA genes. 

RFLP analysis of more variable ribosomal protein genes 
(Gundersen et al., 1994; Lee et al., 2004a, b) or tuf genes 
(Marcone et al., 2000; Schneider et al., 1997) has provided a 
means for more detailed subdivision of phytoplasma primary 
groups delineated by 16S rDNA RFLP data. This strategy for 
finer subgroup differentiation has been used to modify and 
expand upon earlier classifications and to incorporate many 
newly identified phytoplasma strains. Based on RFLP analy- 
sis of nearly full-length 16S rRNAs, at least 15 primary 16Sr 
groups have been recognized (Lee et al., 1998b; Montano et al., 
2001): 16SrI, Aster yellows; 16SrIL Peanut witches’-broom; 
16SrHII, X-disease; 16SrIV, Coconut lethal yellows; 16SrV, Elm 
yellows; 16SrVI, Clover proliferation; 16SrVII, Ash yellows; 
16SrVIIL Loofah witches'-broom; 16SrIX, Pigeonpea witches’- 
broom; 16SrX, Apple proliferation; 16SrXI, Rice yellow dwarf 
16SrXII, Stolbur; 16SrXIIL, Mexican periwinkle virescence; 
16SrXIV, Bermuda grass white leaf; and 16SrXV Hibiscus witches’- 
broom. A total of 45 subgroups were identified when ribosomal 
protein gene RFLP data was also considered in the analyses. 

Sequencing of 30 nearly full-length amplified 16S rRNA 
genes was undertaken by Namba et al. (1993), Gundersen 
et al. (1994), and Seemüller et al. (1994) from a diversity of 
strains previously characterized by rDNA RFLP analysis. These 
collective efforts, combined with earlier studies (Kuske and 
Kirkpatrick, 1992b; Lim and Sears, 1989), provided the first 
comprehensive phytoplasma phylogeny. In recognition of their 
unique phylogenetic status, the trivial name *phytoplasma" was 
initially proposed (Sears and Kirkpatrick, 1994) and has since 
been adopted formally (IRPCM Phytoplasma/Spiroplasma 
Working Team - Phytoplasma Taxonomy Group, 2004) to col- 
lectively name these fastidious, phytopathogenic mollicutes 
previously known as mycoplasma-like organisms. Within the 
phytoplasma clade, major subclades (primary groups repre- 
senting “Candidatus” species) include: (1) Stolbur; (2) Aster 
yellows; (3) Apple proliferation; (4) Coconut lethal yellowing; 
(5) Pigeonpea witches’-broom; (6) X-disease; (7) Rice yellow 
dwarf; (8) Elm yellows; (9) Ash yellows; (10) Sunnhemp witch- 
es’-broom; (11) Loofah witches'-broom; (12) Clover prolifera- 
tion; and (13) Peanut witches’-broom (Kirkpatrick et al., 1995; 
Schneider et al., 1995; White et al., 1998). Primary phytoplasma 
groups including 19 novel groups, namely Australian grapevine 
yellows (AUSGY), Italian bindweed stolbur (IBS), Buckthorn 
witches’-broom (BWB), Spartium witches’-broom (SpaWB), 
Galactia little leaf (GaLL), Vigna little leaf (ViLL), Clover yellow 
edge (CYE), Hibiscus witches’-broom (HibWB), Pear decline 
(PD), European stone fruit yellows (ESFY), Japanese hydran- 
gea phyllody (JHP), Psammotettix cephalotes-borne (BVK), Italian 
alfalfa witches’-broom (IAWB), Cirsium phyllody (CirP), 
Bermuda grass white leaf (BGWL), Sugarcane white leaf 
(SCWL), Tanzanian lethal decline (TLD), Stylosanthes little leaf 
(StLL), and Pinus sylvestris yellows (PinP), that were absent from 
previous classification schemes have been subsequently defined. 
These new taxonomic entities were delineated on the basis of 
phylogenetic tree branching patterns, differences in 16S rRNA 
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gene sequence similarities that were 1.2-2.3% or greater and, 
in some instances, by additional considerations such as plant 
host and vector specificity, primer specificity and RFLP com- 
parisons of ribosomal and nonribosomal DNA, as well as sero- 
logical comparisons (Seemüller et al., 2002, 1998). 

Most recently, Wei et al. (2007) applied computer-simulated 
RFLP analysis for classification of phytoplasma strains. Through 
comparisons of virtual RFLP patterns of 16S rRNA genes and 
calculations of coefficients of RFLP similarity, the authors 
classified all available 16S rRNA gene sequences, includ- 
ing sequences from 250 previously unclassified phytoplasma 
strains, into a total of 28 16Sr RFLP groups. These included ten 
new groups and dozens of new subgroup lineages (Cai et al., 
2008; Wei et al., 2008b). Each new group represents a potential 
"Candidatus Phytoplasma" species level taxon. This informa- 
tion was used to augment the 16Sr RFLP classification system 
(Lee et al., 2000, 1998b, 1993b) with the following additional 
groups: 16SrXVI, Sugarcane yellow leaf syndrome; 16SrXVII, 
Papaya bunchy top group; 16SrXVIII, American potato purple 
top wilt group; 16SrXIX, Japanese chestnut witches’-broom 
group; 16SrXX, Buckthorn witches’-broom group; 16SrXXI, 
Pine shoot proliferation group; 16SrXXI, Nigerian coconut 
lethal decline (LDN) group; 16SrX XIII, Buckland valley grape- 
vine yellows group; 16SrXXIV, Sorghum bunchy shoot group; 
16SrXXV, Weeping tea witches’-broom group; 16SrXXVI, Mau- 
ritius sugarcane yellow D3T1 group; 16SrX XVII, Mauritius sug- 
arcane yellow D3T2 group; and 16SrXXVIII, Havana derbid 
phytoplasma group. The virtual RFLP patterns are available 
for online use as reference patterns at http://www.ba.ars.usda. 
gov/data/mppl/virtualgel.html. 

The spacer region (SR) separating the 16S from the 23S 
rRNA gene of phytoplasmas was also shown to be a reliable 
phylogenetic marker. Phylogenetic trees derived from the 
entire 16S—23S SR (Gibb et al., 1998; Kenyon et al., 1998) or 
variable regions flanking the tRNA: gene (Kirkpatrick et al., 
1995; Schneider et al., 1995) differentiated phytoplasmas into 
groups that were concordant with the major groups established 
previously from analyses of 16S rRNA genes. Phytoplasmas col- 
lectively differ in their 16S rRNA gene sequence by no more 
than 14%, whereas their respective 16S—23S SR sequences dif- 
fer by as much as 22%. This added variation has contributed 
to improved accuracy of phytoplasma classification at the sub- 
group level. Similarly, phylogenetic analysis of ribosomal pro- 
tein genes, secY, secA, or 23S rRNA genes has been employed 
to differentiate closely related phytoplasma strains, as well as to 
aid the group and subgroup classification of diverse phytoplas- 
mas (Daire, 1993; Hodgetts et al., 2008; Lee et al., 1998b, 2004a, 
2006b; Martini et al., 2007; Reinert, 1999). Such studies have 
led to finer differentiation among phytoplasma subgroups and 
to enriched descriptions of “Candidatus Phytoplasma” species 
(Lee et al., 2004a, 2006a, b). 

A polyphasic system for taxonomy based on integration of 
genotypic, phenotypic, and phylogenetic information employed 
for bacterial classification (Murray et al., 1990; Stackebrandt 
and Goebel, 1994) has proved problematic for nonculturable 
phytoplasmas. In response to a rapidly growing database of 
phylogenetic markers, even in the absence of species-defining 
biological or phenotypic characters, the Working Team on Phy- 
toplasmas of the International Research Programme of Com- 
parative Mycoplasmology (IRPCM Phytoplasma/Spiroplasma 
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Working Team - Phytoplasma Taxonomy Group, 2004) pro- 
posed that taxonomy of phytoplasmas be based primarily upon 
phylogenetic analyses. This proposal was agreed to and adopted 
as policy by the ICSB Subcommittee on the Taxonomy of 
Mollicutes (1993, 1997), which also recommended that the pro- 
visional taxonomic status of “Candidatus”, originally proposed 
by Murray and Schleifer (1994), be used for assigning genera 
names as follows: “Candidatus Phytoplasma” (from phytos, Greek 
for plant; plasma, Greek for thing molded) [(Mollicutes) NC; 
NA; O; NAS (GenBank no. M30790); oligonucleotide sequence 
of unique region of the 16S rRNA gene is CAA GAY BAT KAT 
GTK TAG CYG GDC T; P (Plant, phloem; Insect, salivary gland); 
M]. (IRPCM Phytoplasma/Spiroplasma Working Team - 
Phytoplasma Taxonomy Group, 2004). By this same approach, 
major groups within the genus also delineated by phylogenetic 
analysis of near full-length 16S rRNA gene sequences were con- 
sidered to represent one or more distinct species. 

Current guidelines for "Candidatus Phytoplasma" species 
descriptions (Anonymous, 2000; Firrao et al., 2005; IRPCM 
Phytoplasma/Spiroplasma Working Team — Phytoplasma Tax- 
onomy Group, 2004) are based upon identification of a signifi- 
cantly unique 16S rRNA gene sequence 21200 bp in length. 
The strain from which the sequence is obtained should be 
designated as the reference strain. Strains with minimal differ- 
ences in the 16S rRNA sequence, relative to the reference strain, 
should be referred to as related strains. In general, a strain can 
be described as a new “Candidatus Phytoplasma” species if its 
16S rRNA gene sequence has less than 97% identity to any pre- 
viously described * Candidatus Phytoplasma" species (ICSB Sub- 
committee on the Taxonomy of Mollicutes, 2001). There are 
cases in which phytoplasmas may share more than 97% of their 
16S rRNA gene sequence, but clearly represent ecologically 
distinct populations and, thus, they may warrant description as 
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separate species. In such cases, the description of two different 
species is recommended when all of the following conditions 
apply: (1) the two phytoplasmas are transmitted by different 
vector species; (2) the two phytoplasmas have a different natu- 
ral plant host, or at least their symptomatology is significantly 
different in the same plant host; (3) there is evidence of signifi- 
cant molecular diversity between phytoplasmas as determined 
by DNA hybridization assays with cloned nonribosomal DNA 
markers, serological reactions, or by PCR-based assays. The 
taxonomic rank of subspecies should not be used. Reference 
strains should be available to the scientific community in graft- 
inoculated or ¿n vitro micropropagated host plants or as DNA 
if perpetuation of strains in infected host plants is not feasible. 
Descriptions of “Candidatus Phytoplasma” species should be 
preferably submitted to the International Journal of Systematic 
and Evolutionary Microbiology (http:/ /ijs.sgmjournals.org/). 

Recent phylogenetic investigations, including the pres- 
ent analyses (Figure 116), suggest 97.5% 16S rRNA gene 
sequence similarity may represent a more suitable upper 
threshold for *Candidatus Phytoplasma" species separation, 
in that taxonomic subgroups designated based on 16S rRNA 
gene sequence similarities of <97.5% more consistently define 
species that are phylogenetically distinct from nearest related 
species. Regardless of homology criteria, a taxonomy is emerg- 
ing for the phytoplasmas in the absence of cultivability where 
species and related strains of a species are clearly recognized 
with due consideration of the genetic, ecological, and environ- 
mental constraints unique to this group of plant- and insect- 
associated Mollicutes. To a large extent, the present taxonomy 
employs vernacular names based on associated diseases, but 
is constantly shifting towards a traditional taxonomy as more 
and more "Candidatus Phytoplasma" species continue to be 
recognized and proposed. 


List of species of the genus "Candidatus Phytoplasma" 


In accordance with the current guidelines for "Candidatus 
Phytoplasma" species descriptions, the following species have 
been designated. Proposed assignments to the class Mollicutes 
are based on nucleic acid sequences. None of these species have 
been cultivated independently of their host, and their metabo- 
lism and growth temperatures are unknown. 


1. *Candidatus Phytoplasma allocasuarinae" Marcone, Gibb, 

Streten and Schneider 2004a, 1028 

Vernacular epithet: Allocasuarina yellows phytoplasma, 
strain AlloY®. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AY135523. 

Unique region of 16S rRNA gene: 5'-TTTATTCGAGAG- 
GGCG-3'. 

Habitat, association, or host: phloem of Allocasuarina muel- 
leriana (Slaty she-oak). 


2. “Candidatus Phytoplasma americanum” Lee, Bottner, Secor 
and Rivera-Varas 2006a, 1596 
Vernacular epithet: Potato purple top, strain APPTW12- 
NER. 
Gram reaction: not applicable. 


Morphology: other. 

Sequence accession no. (16S rRNA gene): DQ174122. 

Unique regions of 16S rRNA gene: 5'-GTTTCTTCGGAAA-3' 
(68-80), 5'-GTTAGAAATGACT-3' (142-153), 5-GCTGGT- 
GGCTT-3' (1438-1448). 

Habitat, association, or host: Solanum tuberosum phloem. 


3. *Candidatus Phytoplasma asteris" Lee, Gundersen-Rindal, 
Davis, Bottner, Marcone and Seemüller 2004a, 1046 

Vernacular epithet: Aster yellows (AY) phytoplasma, strain 
OAY®. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): M30790. 

Unique regions of 16S rRNA gene: 5'-GGGAGGA-3’, 
5'-CTGACGGTACC-3', and  5-CACAGTGGAGGTTAT- 
CAGTTG-3’. 

Habitat, association, or host: phloem of Oenothera hookeri 
(Evening primrose). 


4. “Candidatus Phytoplasma aurantifolia” Zreik, Carle, Bové 
and Garnier 1995, 452 

Vernacular epithet: Witches’-broom disease of lime phyto- 
plasma, strain WBDL®. 
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FIGURE 116. Phylogenetic analysis of the phytoplasmas. Phylogenetic trees were constructed by parsimony analy- 
ses of phytoplasma 16S rRNA gene sequences using the computer program PAUP (Swofford, 1998). The closely 
related culturable Acholeplasma palmae was employed as the outgroup. Because phytoplasma taxa are too numerous 
to present in a single inclusive tree, a global phylogeny of representative phytoplasmas is first presented. The global 
tree is divided into lower (a) and upper (b) regions. Each region of the global phylogeny is then expanded into 
inclusive trees, a and b, which collectively include 145 phytoplasmas from diverse geographic origins. Taxonomic 
subgroups, representing phytoplasmas sharing at least 97.5% 16S rRNA gene sequence similarity, are identified on 
each inclusive tree. Each phylogenetically distinct subgroup is equivalent to a subclade (or putative species) within 
the genus “Candidatus Phytoplasma”. In all trees, branch lengths are proportional to the number of inferred char- 
acter state transformations. Bootstrap (confidence) values greater than or equal to 50 are shown on the branches. 
Phytoplasmas for which 16S rRNA gene sequences of at least 1200 bp in length have been determined (312 total) 
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FIGURE 116. (Continued) 


Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): U15442. 

Unique region of 16S rRNA gene: 5'-GCAAGTGGTGAAC- 
CATTTGTTT-3’'. 

Habitat, association, or host: phloem of Citrus; hemolymph 
and salivary glands of Hishimonus phycitis (Cicadellidae). 


. “Candidatus Phytoplasma australasia” White, Blackall, Scott 
and Walsh 1998, 949 

Vernacular epithet: Papaya yellow crinkle phytoplasma, 
strain PpYC®. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): Y10097. 

Unique regions of 16S rRNA gene: 5'-TAAAAGGCATCTTT- 
TATC-3' and 5'-CAAGGAAGAAAAGCAAATGGCGAAC- 
CATTTGTTT-3’. 


Habitat, association, or host: phloem of Carica papaya and 
Lycopersicon esculentum. 


. “Candidatus Phytoplasma australiense” Davis, Dally, Gun- 


dersen, Lee and Habili 1997, 268 

Vernacular epithet: Australian grapevine yellows phyto- 
plasma, strain AUSGY®. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): L76865. 

Unique regions of 16S rRNA gene: 5'-CGGTAGAAATAT- 
CGT-3' and 5'-TTTATCTTTAAAAGACCTCGCAAGA-3'. 

Habitat, association, or host: Vitis phloem. 


. “Candidatus Phytoplasma brasiliense” Montano, Davis, 


Dally, Hogenhout, Pimentel and Brioso 2001, 1117 
Vernacular epithet: Hibiscus witches'-broom (HibWB) 
phytoplasma, strain HibWB268. 
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FIGURE 116. (Continued) 
Gram reaction: not applicable. 8. “Candidatus Phytoplasma caricae” Arocha, López, Pinol, 
Morphology: other. Fernández, Picornell, Almeida, Palenzuela, Wilson and 
Sequence accession no. (168 rRNA gene): AF147708. Jones 2005, 2462 
Unique regions of 16S rRNA gene: 5'-GAAAAAGAAAG-3’, Vernacular epithet: Cuban papaya phytoplasma, strain PAY®. 
5'-TCTTTCTTT3’, 5'-CAG-8', 5'-ACTTTG-3’, and 5'-GTCA Gram reaction: not applicable. 
AAAC-3'. Morphology: other. 


Habitat, association, or host: Hibiscus phloem. Sequence accession no. (16S rRNA gene): AY725234. 
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TABLE 144. Provisional groupings, strain designations, associated plant disease, geographic origin and accession numbers of 16S rRNA gene 
sequences derived from phytoplasmas* 


“Candidatus 
Subgroup Strain Associated plant disease Phytoplasma species” Geographic origin 16S accession no.* 
AlloY AlloY Allocasuarina yellows P. allocasuarinae Australia AY135523* 
AP API5R Apple proliferation P. mali Italy AJ542541* 
AT Apple proliferation Germany X68375* 
AP2 Apple proliferation Germany AF248958* 
AP1/93 Apple proliferation France AJ542542* 
D365/04 Apple proliferation Slovenia EF025917 
APSb Apple proliferation Italy EF193361 
ESFY ESFY-GIR European stone fruit yellows P. prunorum Germany AJ542544* 
ESFY5 European stone fruit yellows Austria AY029540* 
ESFY4 European stone fruit yellows Czech Republic Y11933* 
PPER European stone fruit yellows Germany X68374 
ESFY-142 European stone fruit yellows Spain AJ575108* 
ESFY-173 European stone fruit yellows Spain AJ575106 
ESFY-215 European stone fruit yellows Spain AJ575105 
AshY AshY1 Ash yellows P. fraxini USA, New York AF092209* 
AshY3 Ash yellows USA, Utah AF105315* 
ASHY Ash yellows Germany X68339* 
LWB3 Lilac witches’-broom USA, Massachusetts AF105317* 
EriWB EriWB Erigeron witches’-broom Brazil AY034608 
ArAWB Argentinian alfalfa witches’- Argentina AY147038 
broom 
AusGY AusGY Australian grapevine yellows P. australiense Australia L76865 
PpDB Papaya die-back Australia Y10095* 
PYL Phormium yellow leaf, rrnA New Zealand U43569 
PYLb Phormium yellow leaf New Zealand U43570* 
SLY Strawberry lethal yellows Australia AJ243045* 
SV3101 Strawberry virescence Tonga AY377868* 
AY MIAY Oenothera virescence P. asteris USA, Michigan M30790* 
OY-M Onion yellows Japan NC005303* 
MBS Maize bushy stunt Mexico AY265208* 
APWB Aphanamixis polystachya Bangladesh AY495702* 
witches’-broom 
IOWB Ipomoea obscura witches’- Taiwan AY265205* 
broom 
HyPH Hydrangea phyllody Italy AY265207* 
HYPh Hydrangea phyllody France AY265219 
RPh Oilseed rape phyllody Czech Republic U89378* 
MD Mulberry dwarf South Korea AY075038* 
GDS DOQ112021 
AYWB ro4 Aster yellows witches'- Ohio, USA NC007716 
broom 
PaWB Paulownia witches’-broom Korea AF279271* 
PYI Periwinkle yellows China AF453328 
BVGY AY083605 
AAY American aster yellows Southern USA X68373* 
JabD4 Cabbage proliferation USA, Texas AY180932 
AY-BW Aster yellows USA, Ohio AY389820 
ApSL Apple sessile leaf Lithuania AY734454 
SAY Severe aster yellows USA, California M86340* 
ValY Valeriana yellows, rrnA Lithuania AY102274* 
PRIVC Primrose virescence Germany AY265210* 
WcWB Watercress witches'-broom USA, Hawaii AY665676* 
CabD3 Cabbage proliferation USA, Texas AY180947* 
AY-sb Sugar beet aster yellows Hungary AF245439 
Bstv2Mf12 AY180951 
ACLR-AY Apricot chlorotic leafroll Spain AY265211 
ACLR Apricot chlorotic leafroll Europe X68338* 
BBS3 Blueberry stunt USA, Michigan AY265213 
STRAWB2 Strawberry green petal USA, Florida U96616* 
PoY Populus yellows Croatia AF503568 
KVG Clover phyllody Germany X83870 


(continued) 
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TABLE 144. (continued) 
" Candidatus 
Subgroup Strain Associated plant disease Phytoplasma species" Geographic origin 16S accession no.“ 
CPh Clover phyllody Janada AF222066* 
HYDP Hydrangea phyllody Belgium AY265215* 
AY-WB Aster yellows USA, Ohio AY389827* 
BB Tomato big bud USA, Arkansas AY180955* 
PPT Potato purple top Mexico AF217247* 
THP THP Tomato ‘hoja de perejil’ P. lycopersici Bolivia AY787136 
Derbid Derbid phytoplasma Cuba AY744945 
BWB BWB Buckthorn witches’-broom P. rhamni Germany X76431* 
BGWL BGWL-CI Bermudagrass white leaf P. cynodontis Italy AJ550984* 
BGWL Bermudagrass white leaf Italy Y16388* 
BGWL-2 Bermudagrass white leaf Thailand AF248961* 
CWL Cynodon white leaf Australia AF509321* 
BVK BVK Psammotettic cephalotes- Germany X76429* 
borne 
CIRP CIRP Cirsium phyllody Germany X83438* 
CnWB CnWB Chestnut witches’- broom P. castaneae Korea AB054986* 
CP CPR Clover proliferation P. trifolii Canada AY390261* 
BLL Brinjal little leaf India X83431* 
BLTVA Columbia basin potato USA, Washington AY692280* 
purple top 
VR Vinca virescence USA, California AY500817* 
PWB Potato witches’-broom Canada AY500818* 
CSV Centauria stolstitialis Italy AY270156* 
virescence 
EY EY1 Elm yellows P. ulmi USA, New York AY197655* 
ULW Ulmus witches’-broom Italy X68376* 
FD Flavescence doree Italy X76560* 
RuS Rubus stunt Italy AY197648* 
HDI Hemp dogbane yellows USA, New York AY197654* 
VC Asymptomatic Virginia USA, Florida AF305198* 
creeper 
SpaWB SpaWB229 Spartium witches’-broom P. spartii Italy AY197652* 
JWB JWB-GIT Jujube witches’-broom Gifu P. ziziphi Japan AB052876* 
isolate 1 
JWB-Ka Jujube witches’-broom Korea AB052879* 
Korea isolate 1 
JWB-ch Ziziphus jujube witches'- China AF305240 
broom 
NecY-Inl Nectarine yellows India AY332659* 
CLY-5 Cherry lethal yellows China AY197659* 
FBP WBDL Witches’-broom disease of P. aurantifolia Oman U15442* 
lime 
CaWB-YNO1 Cactus witches’-broom China AJ293216 
FBP Faba bean phyllody Sudan X83432* 
PPLL Pigeon pea little leaf Australia AJ289191 
BoLL BoLL Bonamia little leaf Australia Y15863* 
GaLL GaLL Galactia little leaf Australia Y15865* 
GLL-eth GLL-eth Gliricidia little leaf Ethiopia AF361018* 
HibWB HibWB Hibiscus witches’-broom P. brasiliense Brazil AF147708* 
IAWB IAWB Alfalfa witches’-broom Italy Y16390* 
PEP Pichris echioides phyllody Italy Y16393* 
IBS IBS Italian bindweed yellows Southern Italy Y16391* 
StrawY StrawY Strawberry lethal yellows P. fragariae Lithuania DQ086423 
JHP JHP Japanese hydrangea P. japonicum Japan AB010425 
phyllody 
LDG LDG Cape St Paul wilt Ghana Y13912* 
LDN Awka disease of coconut Nigeria Y14175* 
LDT LDT Coconut lethal disease Tanzania X80177* 
LfWB LfWB Loofah WB Taiwan L33764* 
LfWB-t Loofah WB Taiwan AF086621* 
LY CPY Carludovica palmata yellows Mexico AF237615 
LDY Yucatan coconut decline Mexico U18753* 


(continued) 
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“Candidatus 
Subgroup Strain Associated plant disease Phytoplasma species” Geographic origin 16S accession no.* 
LtY1 Coconut leaf yellowing Mexico AF500329* 
LfY5 (PE65) Coconut leaf yellowing Mexico AF500334 
LY-c2 Coconut lethal yellows USA, Florida AF498309* 
LYJC8 Coconut lethal yellows Jamaica AF498307 
PanD Pandanus decline USA, Florida AF361020* 
ScY Sugarcane yellows, group 4 Mauritius AJ539178* 
ScY SCD3T2 Sugarcane yellows, group 3 Mauritius AJ539180 
SCD3T1 Sugarcane yellows, group 3 Mauritius AJ539179 
MPV MPV Mexican periwinkle Mexico AF248960* 
virescence 
PerWB-FL Periwinkle witches’-broom USA, Florida AY204549 
CbY1 Chinaberry yellows Bolivia AF495882* 
STRAWBI Strawberry green petal USA, Florida U96614* 
PD PDI Pear decline P. pyri Italy AJ542543* 
PD Pear decline Germany X76425* 
PYLR Peach yellow leafroll USA, California Y16394 
EPC Pear decline Iran DQ471321 
PinP Pin127R Pinus halepensis yellows P. pini Spain AJ632155* 
PinG Pinus sylvestris yellows Germany AJ310849* 
PPWB AlmWB-A4 Almond witches’-broom P. phoenecium Lebanon AF515636* 
KAP Knautia arvensis phyllody Italy Y18052* 
PPWB-f Pigeonpea witches’-broom USA, Florida AF248957* 
RYD RYDJ Rice yellow dwarf P. oryzae Japan D12581 
RYD-Th Rice yellow dwarf Thailand AB052873* 
SBS SBS Sorghum bunchy shoot Australia AF509322* 
SCWL SCWL Sugarcane white leaf Thailand X76432* 
SGS-v1 Sorghum grassy shoot, Australia AF509324* 
variant | 
SpaWB Spar Spartium witches'-broom P. spartii Italy X92869* 
SPLL SPLL Sweet potato little leaf Australia X90591* 
SPWB PpYC Papaya yellow crinkle P. australasia Australia Y10097* 
GPh Gerbera phyllody Japan? AB026155* 
PnWB Peanut witches’ broom Taiwan L33765* 
CoAWB Cocky apple witches’-broom Australia AJ295330* 
SPLL Sweet potato little leaf Australia AJ289193 
SUNHP Sunnhemp phyllody Thailand X76433* 
AIWB Alfalfa witches’-broom Oman AY169322* 
TBB Australian tomato big bud Australia Y08173 
StLL StLL Stylosanthes little leaf Australia AJ289192* 
STOL STOL Stolbur of Capsicum annum Europe X76427* 
VK Grapevine yellows Europe X76428* 
2642BN Grapevine yellows P. solani France AJ964960 
ViLL ViLL Vigna little leaf Australia Y15866* 
CIWB IM-3 Cassia italica witches’-broom P. omaniense Oman EF666051 
WTWB WTWB Weeping tea witches’-broom Australia AF521672* 
WX BBP Blueberry proliferation Lithuania AY034090* 
BLWB Black locust witches’-broom USA, Maryland AF244363* 
CbY18 Chinaberry yellows Bolivia AF495657* 
CX Canadian peach X Canada L33733* 
CYE Clover yellow edge Canada AF175304* 
DanVir-a Dandelion virescence, rrnA Lithuania AF370119* 
LP Little peach USA, S. Carolina AF236122* 
PoiBI Poinsettia branch-inducing Southern USA AF190223* 
ScYP I-Afr Sugarcane yellows Africa AF056095* 
TWB Tsuwabuki WB Japan D12580* 
VAC Vaccinium witches’-broom Germany X76430* 
VGYIII Virginia grapevine yellows USA, Virginia AF060875* 
WWB-a Walnut witches’-broom, USA, Georgia AF190226* 
rmA 
Wx Western X USA, California L04682* 


“Accession numbers denoted by an asterisk were used as sources of 16S rRNA gene sequences for comprehensive phylogenetic analysis of subgroup phytoplasmas from 


diverse geographic origins. 
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10. 


11. 


12. 


15. 


Unique regions of 16S rRNA gene: 5'-AAA-3' (196-198), 5'- 
ATT-3' (600-603), 5-AGGCGCC-3' (1089-1095), 5'-GCG- 
GATTTAGTCACTTTTCAGGC-?' (1379-1401). 

Habitat, association, or host: Carica papaya phloem. 


. *Candidatus Phytoplasma castaneae" Jung, Sawayanagi, 


Kakizawa, Nishigawa, Miyata, Oshima, Ugaki, Lee, Hibi and 
Namba 2002, 1548 

Vernacular epithet: Chestnut witches' broom phytoplasma, 
strain CnWB. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (168 rRNA gene): AB054986. 

Unique regions of 16S rRNA gene: 5'-CTAGTTTAAAAA- 
CAATGCTC-?' and 5'-CTCATCTTCCTCCAATTC-3’. 

Habitat, association, or host: Castanea crenata phloem. 


“Candidatus Phytoplasma cynodontis” Marcone, Schneider 
and Seemüller 2004b, 1081 

Vernacular epithet: Bermuda grass white leaf (BGWL) phy- 
toplasma, strain BGWr-CI*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (168 rRNA gene): AJ550984. 

Unique region of 168 rRNA gene: 5'-AATTAGAAGGCAT- 
CTTTTAAT3’. 

Habitat, association, or host: phloem of Cynodon dactylon 
(Bermuda grass). 


“Candidatus Phytoplasma fragariae” Valiunas, Staniulis and 
Davis 2006, 280 

Vernacular epithet: Strawberry yellows phytoplasma, strain 
StrawY®, 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): DQ086423. 

Unique regions of 16S rRNA gene: 5'-GTGCAATGCT- 
CAACGTTGTGAT-3’, 5'-AATTGCA-3’, and 5-TGAGTAAT- 
CAAGAGGGAG-3’. 

Habitat, association, or host: phloem of Fragaria x ananassa. 


“Candidatus Phytoplasma fraxini” Griffiths, Sinclair, Smart 
and Davis 1999, 1613 

Vernacular epithet: Ash yellows phytoplasma, strain AshY® 
and lilac witches’-broom (LWB) phytoplasma. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AF092209. 

Unique regions of 16S rRNA gene: 5'-CGGAAACCCCT- 
CAAAAGGTTT-3' and 5-AGGAAAGTC-3'. 

Habitat, association, or host: phloem of Fraxinus and 
Syringa. 


“Candidatus Phytoplasma graminis" Arocha, López, Pinol, 
Fernández, Picornell, Almeida, Palenzuela, Wilson and 
Jones 2005, 2462 

Vernacular epithet: Sugarcane yellow leaf phytoplasma, 
strain SCYP*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (168 rRNA gene): AY725228. 

Unique regions of 16S rRNA gene: 5'-TTTG-3' (465-468), 
5'-TTG-3' (478-480), 5'-GGG-3' (1552-1554), 5'-TAA-3' 


14. 


15. 


16. 


17. 


18. 
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(1381-1383), and 5-ATTTACGTTTCTG-3' (1392-1404). 
Habitat, association, or host: Saccharum officinarum phloem. 


“Candidatus Phytoplasma japonicum” . Sawayanagi, 
Horikoshi, Kanehira, Shinohara, Bertaccini, Cousin, Hiruki 
and Namba 1999, 1284 

Vernacular epithet: Japanese Hydrangea phyllody phyto- 
plasma, strain JHP®. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AB010425. 

Unique regions of 16S rRNA gene: 5'-GTGTAGCCG- 
GGCTGAGAGGTCA-3' and 5’-TCCAACTCTAGCTAAA- 
CAGTTTCTG-3'. 

Habitat, association, or host: Hydrangea phloem. 


“Candidatus Phytoplasma lycopersici” Arocha, Antesana, 
Montellano, Franco, Plata and Jones 2007, 1709 

Vernacular epithet: Tomato “hoja de perejil” phytoplasma, 
strain THP®. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AY787136. 

Unique regions of 16S rRNA gene: 5'-CTTA-3' (positions 
175-178), 5'-AATGGT-3' (198-203), 5'-ATA-3' (229-231), 
5'"TGGAGGAA-3' (234-242), 5'CACG-3' (302-305), 
5-TCT-3' (315-317), 5'-GCT-3' (334-336), 5'-TAT-3' 
(336-338), 5'-TAC-3' (413-415), and 5'-AGC-3' (434—436). 

Habitat, association, or host: Lycopersicon “esculentum 
phloem. 


“Candidatus Phytoplasma mali” Seemüller and Schneider 
2004, 1224 

Vernacular epithet: Apple proliferation (AP) phytoplasma, 
strain AP15*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AJ542541. 

Unique region of 16S rRNA gene: 5'-AATACTCGAAACCA- 
GTA-3'. 

Habitat, association, or host: Malus phloem. 


“Candidatus Phytoplasma omanense” Al-Saady, Khan, 
Calari, Al-Subhi and Bertaccini 2008, 464 

Vernacular epithet: Cassia witches’-broom (CWB) phyto- 
plasma, strain IM-I*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): EF666051. 

Unique regions of 16S rRNA gene: 5'-AAAAAACAGT-3' (467— 
474), 5'-TTGC-3' (642-645), 5'-GTTAAAG-3' (853-861), 
5'-TAATT-3’ (1010-1014), and 5'-AAATT-3' (1052-1056). 

Habitat, association, or host: Cassia italica phloem. 


“Candidatus Phytoplasma oryzae” Jung, Sawayanagi, Wong- 
kaew, Kakizawa, Nishigawa, Wei, Oshima, Miyata, Ugaki, 
Hibi and Namba 2003c, 1928 

Vernacular epithet: Rice yellow dwarf (RYD) phytoplasma, 
strain RYD-Th*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession nos (16S rRNA gene): D12581, AB052873 
(RYD-Th). 


19. 


20. 
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23. 
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Unique regions of 16S rRNA gene: 5'-AACTGGATAGGAAAT- 
TAAAAGGT-3' and 5-ATGAGACTGCCAATA-3'. 
Habitat, association, or host: Oryza sativa phloem. 


*Candidatus Phytoplasma phoenicium" Verdin, Salar, Danet, 
Choueiri, Jreijiri, El Zammar, Gélie, Bové and Garnier 2008, 837 

Vernacular epithet: Almond witches-broom (AlmWB) 
phytoplasma, strain AlmWB-A4*., 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AF515636. 

Unique region of 16S rRNA gene: 5'-CCTTTTTCGGAAGG- 
TATG-3'. 

Habitat, association, or host: Prunus amygdalus phloem. 


“Candidatus Phytoplasma pini" Schneider, Torres, Martín, 
Schröder, Behnke and Seemüller 2005, 306 

Vernacular epithet: Pinus halepensis yellows (Pin) phyto- 
plasma, strain Pin127S*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AJ632155. 

Unique regions of 16S rRNA gene: 5'-GGAAATCTTTCG- 
GGATTTTAGT-3' and 5'-TCTCAGTGCTTAACGCTGT- 
TCT-3'. 

Habitat, association, or host: Pinus phloem. 


“Candidatus Phytoplasma prunorum” Seemüller and Sch- 
neider 2004, 1224 

Vernacular epithet: European stone fruit yellows (ESFY) 
phytoplasma, strain ESFY-G1*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AJ542544. 

Unique regions of 16S rRNA gene: 5'-AATACCCGAAACCA- 
GTA-3' and 5'-TGAAGTTTTGAGGCATCTCGAA-3’. 

Habitat, association, or host: Prunus phloem. 


“Candidatus Phytoplasma pyri? Seemüller and Schneider 
2004, 1224 

Vernacular epithet: Pear decline (PD) phytoplasma, strain 
PDI*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AJ542545. 

Unique regions of 16S rRNA gene: 5'-AATACTCAAAACCA- 
GTA-3' and 5-ATACGGCCCAAACTCATACGGA-2'. 

Habitat, association, or host: Pyrus phloem. 


“Candidatus Phytoplasma rhamni” Marcone, Gibb, Streten 
and Schneider 2004a, 1028 

Vernacular epithet: Buckthorn witches’-broom phyto- 
plasma, strain BWB*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession nos (16S rRNA gene): X76431, AJ583009. 

Unique regions of 16S rRNA gene: 5'-CGAAGTATTTCGA- 
TAC-3'. 

Habitat, association, or host: phloem of Rhamnus catharticus 
(buckthorn). 


*Candidatus Phytoplasma solani" Firrao, Gibb and Streton 
2005, 251 


25. 


26. 


27. 


28. 


29. 
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Vernacular epithet: Stolbur phytoplasma; subgroup A ref- 
erence type of the stolbur phytoplasma taxonomic group 
16SrXII (Lee et al., 2000). 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AJ970609 (strain 
PO; Cimerman et al., 2006). 

Unique region of 16S rRNA gene: not reported. 

Habitat, association, or host: many species of Solanaceae plus 
several species in other plant families, and Fulguromorpha 
spp. planthopper vectors. 


“Candidatus Phytoplasma spartii” Marcone, Gibb, Streten 
and Schneider 2004a, 1028 

Vernacular epithet: Spartium witches’-broom phytoplasma, 
strain SpaWB*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): X92869. 

Unique region of 16S rRNA gene: 5'-TTATCCGCGTTAC-3’. 

Habitat, association, or host: phloem of Spartium junceum 
(Spanish broom). 


“Candidatus Phytoplasma tamaricis” Zhao, Sun, Wei, Davis, 
Wu and Liu 2009, 2496 

Vernacular epithet: Salt cedar witches’-broom phytoplasma, 
strain SCWBI*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): FJ432664. 

Unique regions of 16S rRNA gene: 5'-ATTAGGCATCTAG- 
TAACTTTG-3’, 5'’-TGCTCAACATTGTTGC-3’, 5'-AGCTTT- 
GCAAAGTTG-3', and 5'-TAACAGAGGTTATCAGAGTTE3’. 

Habitat, association, or host: phloem of Tamarix chinensis 
(salt cedar). 


“Candidatus Phytoplasma trifolii” Hiruki and Wang 2004, 1352 

Vernacular epithet: Clover proliferation phytoplasma, 
strain CP®. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession no. (16S rRNA gene): AY390261. 

Unique regions of 16S rRNA gene: 5'-TTCTTACGA-3' and 
5'-TAGAGTTAAAAGCC-3". 

Habitat, association, or host: Trifolium phloem. 


“Candidatus Phytoplasma ulmi” Lee, Martini, Marcone and 
Zhu 2004b, 345 

Vernacular epithet: Elm yellows phytoplasma (EY) phyto- 
plasma, strain EYI*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession nos (16S rRNA gene): AY197655, 
AY197675, and AY197690. 

Unique regions of 16S rRNA gene: 5'-GGAAA-3' and 5'-CGT- 
TAGTTGCC-3’. 

Habitat, association, or host: Ulmus americana phloem. 


“Candidatus Phytoplasma vitis” Firrao, Gibb and Streton 
2005, 251 

Vernacular epithet: Flavescence dorée phytoplasma; strains 
are genetically heterogenous and vary in degree of virulence, 
but all are referable to subgroups C or D of the elm yellows 
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phytoplasma taxonomic group 16SrV (Lee et al., 2000). 

Gram reaction: not applicable. 

Morphology: other. 

Sequence accession nos (16S rRNA gene): AY197645 (16SrV 
subgroup C), AY197644 (16SrV subgroup D1). 

Unique regions of 16S rRNA gene: not reported. 

Habitat, association, or host: grapevines (Vitis vinifera) and 
the leafhopper vector Scaphoideus titanus. 


30. “Candidatus Phytoplasma ziziphi” Jung, Sawayanagi, Kak- 
izawa, Nishigawa, Wei, Oshima, Miyata, Ugaki, Hibi and 
Namba 2003b, 1041 
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strain JWB*. 

Gram reaction: not applicable. 

Morphology: other. 

Sequence 
AB052879. 
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Habitat, association, or host: Ziziphyus jujube phloem. 
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Order IV. Anaeroplasmatales Robinson and Freundt 1987, 81” 


DANIEL R. BRown, JANET M. BRADBURY AND KARL-ERIK JOHANSSON 


A.na.e.ro.plas.ma.ta'les. N.L. neut. n. Anaeroplasma, -atos type genus of the order; -ales 
ending to denote an order; N.L. fem. pl. n. Anaeroplasmatales the Anaeroplasma order. 


This order in the class Mollicutes represents a unique group of 
strictly anaerobic, wall-less prokaryotes (trivial name, anaero- 
plasmas) first isolated from the bovine and ovine rumen. 
Other than their anaerobiosis, the description of organisms 
in the order is essentially the same as for the class. A single 
family, Anaeroplasmataceae, with two genera, was proposed 
to recognize the two most prominent characteristics of the 
organisms: a requirement of sterol supplements for growth by 
those strictly anaerobic organisms now assigned to the genus 
Anaeroplasma; and strictly anaerobic growth in the absence of 
sterol supplements by those now assigned to the genus Aster- 
oleplasma. Genome sizes range from 1542 to 1794 kbp as esti- 
mated by renaturation kinetics. The DNA G+C content ranges 
from 29 to 40 mol%. All species examined utilize the univer- 
sal genetic code in which UGA is a stop codon. Phylogenetic 
studies indicate that members of the Anaeroplasmatales are 
much more closely related to the Acholeplasmatales than to the 
Mycoplasmatales or Entomoplasmatales (Weisburg et al., 1989). 

Type genus: Anaeroplasma Robinson, Allison and Hartman 
1975, 179%, 


Further descriptive information 


The initial proposal for elevation of the anaeroplasmas to an 
order of the class Mollicutes (Robinson and Freundt, 1987) 
was based upon the description of three novel species and the 
observation that some anaeroplasmas did not have a sterol 
requirement for growth. 

The obligate requirement for anaerobic growth condi- 
tions is the single most important property in distinguishing 
members of the Anaeroplasmatales from other mollicutes. The 


anaeroplasmas exist in a natural environment where the oxi- 
dation potential is maintained at a low level by the metabo- 
lism of associated micro-organisms. Anaerobic methods for 
preparing media and culture techniques for the organisms 
are essentially those described by Hungate (1969), with 
media and inocula maintained in closed vessels and expo- 
sure to air avoided during inoculation and incubation. A 
primary isolation medium and clarified rumen fluid broth 
have been described (Bryant and Robinson, 1961; Robinson, 
1983; Robinson et al., 1975). 
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FAMILY I. ANAEROPLASMATACEAE 


Family |. Anaeroplasmataceae Robinson and Freundt 1987, 80VP 


DANIEL R. BRown, JANET M. BRADBURY AND KARL-ERIK JOHANSSON 


A.na.e.ro.plas.ma.ta.ce'ae. N.L. neut. n. Anaeroplasma, -atostype genus of the family; -aceae ending 
to denote a family; N.L. fem. pl. n. Anaeroplasmataceae the Anaeroplasma family. 


All members have an obligate requirement for anaerobiosis. 
Organisms assigned to the genus Anaeroplasma require sterol 
supplements for growth. Organisms assigned to the genus Aster- 
oleplasma grow in the absence of sterol supplements. Other 
characteristics are as described for the type genus. 

Type genus: Anaeroplasma Robinson, Allison and Hartman 
1975, 179%. 


Further descriptive information 


The obligate requirement for anaerobic growth conditions and 
for growth only in media containing cholesterol is established 
with the methods described by Hungate (1969), with media 
and inocula maintained in closed vessels and exposure to air 
avoided during inoculation and incubation. The primary isola- 
tion medium and the clarified rumen fluid broth supplemented 
with cholesterol have been described (Robinson, 1983). 


Genus |. Anaeroplasma Robinson, Allison and Hartman 1975, 179^- 


DANIEL R. BRowN, JANET M. BRADBURY AND KARL-ERIK JOHANSSON 


A.na.e.ro.plas'ma. Gr. prefix an without; Gr. masc. n. aer air; Gr. neut. n. plasma a form; N.L. neut. n. Anaero- 


plasma intended to denote "anaerobic mycoplasma". 


Cells are predominantly coccoid, about 500 nm in diameter; 
clusters of up to ten coccoid cells may be joined by short fila- 
ments. Older cells have a variety of pleomorphic forms. Cells 
lack a cell wall and are bound by a single plasma membrane. 
Gram-stain-negative due to absence of cell wall. Obligately 
anaerobic; the inhibitory effect of oxygen on growth is not 
alleviated during repeated subcultures. Require sterol supple- 
ments for growth. Nonmotile. Optimal temperature, 37°C; no 
growth at 26 or 47?C. Optimal pH, 6.5-7.0. Surface colonies 
have a dense center with a translucent periphery, or "fried-egg" 
appearance. Subsurface colonies are golden, irregular, and 
often multülobed. Strains vary in their ability to ferment vari- 
ous carbohydrates. The products of carbohydrate fermentation 
include acids (generally acetic, formic, propionic, lactic, and 
succinic), ethanol, and gases (primarily CO,, but some strains 
also produce H,). Bacteriolytic and nonbacteriolytic strains have 
been described. Commensals in the bovine and ovine rumen. 

DNA G+C content (mol % ): 29-34 (T. , Bd). 

Type species: Anaeroplasma abactoclasticum Robinson, Allison 
and Hartman 1975, 179^. 


Further descriptive information 


Cells of Anaeroplasma examined by phase-contrast microscopy 
appear as single cells, clumps, dumbbell forms, and clusters 
of coccoid forms joined by short filaments. In electron micro- 
graphs of negatively stained preparations, pleomorphic forms 
are observed; these include filamentous cells, budding cells, 
and cells with bleb-like structures. 

All species examined have similar fermentation products of 
acetate, formate, lactate, ethanol, and carbon dioxide (Robin- 
son et al., 1975). Anaeroplasma abactoclasticum is the only species 
known not to digest casein. Anaeroplasma abactoclasticum strains 
are the only ones known to produce succinate through fermen- 
tation. Anaeroplasma bactoclasticum, Anaeroplasma intermedium, 
and Anaeroplasma varium are the only species known to produce 
hydrogen and propionate during their fermentation. 

The roll-tube anaerobic culture technique (Hungate, 
1969), with pre-reduced medium maintained in a system for 
exclusion of oxygen, is used to culture the organisms (Robin- 
son, 1983; Robinson and Allison, 1975; Robinson et al., 1975; 


Robinson and Hungate, 1973). Anaerobic mollicutes in a sew- 
age sludge digester were cultured in an anaerobic cabinet 
(Rose and Pirt, 1981). Although it is possible that other types 
of anaerobic culture techniques might be acceptable (anaero- 
bic culture jar or GasPak system), the effective use of such 
equipment has not been demonstrated (Robinson, 1983). 
Strains with bacteriolytic activity are detected with the addi- 
tion of autoclaved Escherichia coli cells to the Primary Isolation 
Medium (PIM) described below. Clear zones around colonies 
of anaeroplasmas, when viewed by a stereoscopic microscope, 
are suggestive of bacteriolytic anaeroplasmas. Colonies can be 
subcultured to clarified rumen fluid broth (CRFB) medium 
described below. 

A slide agglutination test was first used to show that the anti- 
gens of anaerobic mollicutes were not related to established 
Mycoplasma or Acholeplasma species found in cattle (Robinson 
and Hungate, 1973). Later, the agglutination test was adapted 
to either a plate or tube test and combined with an agar gel 
diffusion test and a modified growth inhibition procedure to 
examine the antigenic interrelationships among the anaero- 
bic mollicutes (Robinson and Rhoades, 1977). On the basis 
of these tests, a serological grouping of anaerobic mollicutes 
appeared compatible with the group separations based upon 
cultural, biochemical, and biophysical properties of the organ- 
isms (Robinson, 1979; Robinson and Rhoades, 1977). 

There is no current evidence for the pathogenicity of any of 
the Anaeroplasma species described so far. Obligately anaerobic 
mollicutes appear to be a heterogeneous group that has been 
found so far only in the rumen of cattle and sheep (Robinson, 
1979; Robinson et al., 1975). Each new isolated group of these 
organisms seems to have different properties, suggesting that 
additional undescribed species are likely to exist. The ecological 
role of these organisms in the rumen has not been determined. 
Although the titer of these organisms in the rumen appears 
to be low when compared to titers of other rumen organisms, 
the mollicutes probably contribute to the pool of microbial 
fermentation products at that site. Growth of anaeroplasmas is 
inhibited by thallium acetate (0.2%), bacitracin (1000 mg/ml), 
streptomycin (200 mg/ml), and p-cycloserine (500 mg/ml), 
but not by benzylpenicillic acid (1000 U/ml). 


GENUS I. ANAEROPLASMA 


Enrichment and isolation procedures 


The PIM medium used to grow and detect anaerobic mycoplas- 
mas (Robinson, 1983; Robinson et al., 1975; Robinson and Hun- 
gate, 1973) contains: 40% (v/v) rumen fluid strained through 
cheesecloth, autoclaved, and clarified by centrifugation; 0.05% 
(w/v) glucose; 0.05% (w/v) cellobiose; 0.05% (w/v) starch; 
3.75% (v/v) of a mineral solution consisting of 1.7 x 10° M 
K,HPO, 1.3 x 10? M KH,PO,, 7.6 x 10* M NaCl, 3.4 x 10° M 
(NH,),SO,, 4.1 x 10 M CaCl,, and 3.8 x 10* M MgSO,:7H,O; 
0.2% (w/v) trypticase; 0.1% (w/v) yeast extract; 0.000196 (w/v) 
resazurin; 0.5% (w/v) autoclaved Escherichia coli cells; 0.4% (w/v) 
Na,CO,; 0.05% (w/v) cysteine hydrochloride; 1.5% (w/v) agar; 
and 0.0006% (w/v) benzylpenicillic acid. Pure cultures are estab- 
lished by picking individual colonies from PIM roll tubes and sub- 
culturing into CRFB medium. CRFB medium contains the same 
ingredients and concentrations as PIM, except: glucose, cello- 
biose, and starch concentrations are 0.2% (w/v), and autoclaved 
Escherichia coli cells, agar, and benzylpenicillic acid are omitted. 
Growth also occurs in a rumen fluid-free medium (Medium D) 
in which growth factors supplied in rumen fluid are replaced by 
lipopolysaccharide (Boivin; Difco) and cholesterol (Robinson, 
1983; Robinson et al., 1975), or in a completely defined medium 
in which the trypticase, yeast extract, and lipopolysaccharide of 
Medium D are replaced by amino acids, vitamins, and phosphati- 
dylcholine esterified with unsaturated fatty acids (Robinson, 
1979, 1983). An agar-overlay plating technique carried out in an 
anaerobic hood has also been reported to be an effective isola- 
tion procedure (Robinson, 1979). Anaerobic mollicutes grow 
only in a prereduced medium maintained in a system for exclu- 
sion of oxygen. When resazurin is used in the test medium and 
becomes oxidized, mollicutes will fail to grow. 


Maintenance procedures 


Cultures are viable after storage for as long as 5 years at -40°C in 
CRFB medium. They may also be preserved by lyophilization using 
standard techniques for other mollicutes (Leach, 1983). However, 
the type strains of several species of Anaeroplasma are no longer 
available from the American Type Culture Collection because it 
was impossible to revive the cultures sent by the depositors. 


Differentiation of the genus Anaeroplasma 
from other genera 


Properties that partially fulfill criteria for assignment to the 
class Mollicutes (Brown et al., 2007) include absence of a cell 
wall, filterability, and the presence of conserved 16S rRNA gene 
sequences. The obligately anaerobic nature of Anaeroplasma spe- 
cies is a distinctive and stable characteristic among these organ- 
isms. Strictly anaerobic growth plus the requirement for sterol 
supplements for growth exclude assignment to any other taxon 
in the class. Moreover, the bacteriolytic capability possessed by 
some of the anaeroplasmas has not been reported for other 
mycoplasmas. Plasmalogens (alkenyl-glycerol ethers), which 
are found in various anaerobic bacteria but not in aerobic bac- 
teria, are major components of polar lipids from anaeroplasmas 
(Langworthy et al., 1975); this further supports the contention 
that anaeroplasmas are distinct from other mollicutes. 


Taxonomic comments 


The first organism in the group to be described was referred to 
as Acholeplasma bactoclasticum (type strain JR? = ATCC 271127; 
Robinson and Hungate, 1973) because the organism was 
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thought to lack a sterol requirement for growth. Later, when 
other obligately anaerobic mollicutes were isolated, these and 
the JR! strain were found to require sterol for growth. A pro- 
posal was then made to form the new genus Anaeroplasma to 
accommodate strain JR" (as Anaeroplasma bactoclasticum; Rob- 
inson and Allison, 1975) and a second anaerobic mollicute 
designated Anaeroplasma abactoclasticum (Robinson et al., 1975). 
These developments prompted a proposal for an amended clas- 
sification of anaerobic mollicutes, which included descriptions 
of Anaeroplasma varium and Anaeroplasma intermedium, the family 
Anaeroplasmataceae, and the order Anaeroplasmatales within the 
class Mollicutes (Robinson and Freundt, 1987). 

Early serological studies suggested the existence of several 
distinct species of anaeroplasmas. Subsequent reports on DNA- 
DNA hybridization, DNA base composition, and genome size 
comparisons of organisms in the group also indicated the exis- 
tence of a number of species in two distinct genera of anaero- 
bic mollicutes (Christiansen et al., 1986; Stephens et al., 1985). 
Strains initially assigned to Acholeplasma abactoclasticum [serovar 
3, type strain 6-17 (=ATCC 27879") ] were found to be a single spe- 
cies with about 80% interstrain DNA-DNA hybridization. How- 
ever, strains A-2" (serovar 1) and 7LAT (serovar 2), previously 
included in the description of Acholeplasma bactoclasticum, are the 
type strains of separate species designated Anaeroplasma varium 
and Anaeroplasma intermedium, respectively (Robinson and Fre- 
undt, 1987). Strains of Anaeroplasma all have DNA G+C contents 
in the range 29.3-33.7 mol%, whereas the base composition of 
serovar 4 strains 1617, 162, and 163 clustered above 40 mol%. 
These were assigned to the new genus Asteroleplasma [type strain 
161? (=ATCC 278807)] whose members are anaerobic, but do 
not require sterol for growth. Genome sizes ranged from 1542 
to 1715 kbp for Anaeroplasma species, as determined by renatur- 
ation kinetics (Christiansen et al., 1986). Although the genome 
sizes reported were in the expected range for members of the 
class Mollicutes, no data are currently available on genome sizes 
estimated by the more accurate pulsed-field gel electrophoresis 
technique. A phylogenetic analysis of members of the Anaero- 
plasmatales, based upon 16S rRNA gene sequence comparison, 
was carried out by Weisburg et al. (1989). Anaeroplasma and 
Acholeplasma are sister genera basal on the mollicute tree. 
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Differentiation of the species of the genus Anaeroplasma 


The technical challenges of cultivating these anaerobic molli- 
cutes have led to a current reliance principally on the combina- 
tion of 16S rRNA gene sequencing and reciprocal serology for 
species differentiation. Serological characterization of anaero- 
plasmas has been performed with agglutination, modified 
metabolism inhibition, and immunodiffusion tests (Robinson 
and Rhoades, 1977). Failure to cross-react with antisera against 
previously recognized species provides substantial evidence for 
species novelty. DNA-DNA hybridization values between species 
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examined are less than 5%. Bacteriolytic and nonbacteriolytic 
organisms occur within the genus. When grown on agar media 
containing a suspension of autoclaved Escherichia coli cells, 
bacteriolytic strains form colonies surrounded by a clear zone 


FAMILY |. ANAEROPLASMATACEAE 


due to lysis of the suspended cells by a diffusible enzyme(s). 
On media lacking suspended cells, bacteriolytic and nonbac- 
teriolytic strains of Anaeroplasma cannot be distinguished from 
each other on the basis of colonial or cellular morphology. 


List of species of the genus Anaeroplasma 


1. Anaeroplasma abactoclasticum Robinson, Allison and Hart- 
man 1975, 179^- 


a.bac.to.clas'ti.cum. Gr. pref. a without; Gr. bakt- (L. trans- 
literation bact-) part of the stem of the Gr. dim. n. bakterion 
(L. transliteration bacterium) a small rod; N.L. adj. clasticus, 
-a, um (from Gr. adj. klastos, -é, -on broken in pieces) break- 
ing; N.L. neut. adj. abactoclasticum intended to denote *not 
bacteriolytic". 

This is the type species of the genus Anaeroplasma. Cells 
are coccoid, about 500 nm in diameter, sometimes joined 
into short chains by filaments. Colonies on solid medium 
are subsurface, but nevertheless present a typical fried-egg 
appearance. Growth is inhibited by 20 mg/ml digitonin. A 
major distinguishing factor is the lack of the extracellular 
bacterioclastic and proteolytic enzymes that characterize the 
lytic species. 

No evidence of a role in pathogenicity. 

Source: occurs primarily in the bovine and ovine rumen. 

DNA G+C content (mol 96): 29.3 (Bd). 

Type strain: 6-1, ATCC 27879. 

Sequence accession no. (16S rRNA gene): M25050. 


2. Anaeroplasma bactoclasticum (Robinson and Hungate 
1973) Robinson and Allison 1975, 186^ (Acholeplasma bacto- 
clasticum Robinson and Hungate 1973, 180) 


bac.to.clas'ti.cum. Gr. bakt- (L. transliteration bact) part of 
the stem of the Gr. dim. n. bakterion (L. transliteration bac- 
terium) a small rod; N.L. adj. clasticus, -a, um (from Gr. adj. 
klastos, -ê, -on broken in pieces) breaking; N.L. neut. adj. bac- 
toclasticum bacteria-breaking. 


Pleomorphic and coccoid cells ranging in size from 550 
to 2000 nm in diameter. Cells cluster and sometimes form 
short chains. Colonies on solid medium have a typical fried- 
egg appearance. Optimal temperature for growth is between 
30 and 47°C. Growth is inhibited by 20 mg/ml digitonin. 
Skim milk is cleared by a proteolytic, extracellular enzyme 
and certain bacteria are lysed by an extracellular enzyme 


that attacks the peptidoglycan layer of the cell wall. Shares 
some serological relationship to other established species in 
the genus, but can be distinguished by agglutination, modi- 
fied metabolism inhibition, and agar gel immunodiffusion 
precipitation tests. 

No evidence of pathogenicity. 

Source: occurs in the bovine and ovine rumen. 

DNA G«C content (mol % ): 32.5 to 33.7 (T, Bd). 

Type strain: JR, ATCC 27112. 

Sequence accession no. (16S rRNA gene): M25049. 


3. Anaeroplasma intermedium Robinson and Freundt 1987, 79’? 
in.ter.me'di.um. L. neut. adj. intermedium intermediate. 


Cellular morphology and colonial features are similar to 
those of Acholeplasma bactoclasticum. Serologically distinct 
from other species in the genus by agglutination, metabo- 
lism inhibition, and agar gel immunodiffusion precipitation 
tests (Robinson and Rhoades, 1977). 

No evidence of pathogenicity. 

Source: occurs in the bovine and ovine rumen. 

DNA G+C content (mol % ): 32.5 (Bd). 

Type strain: 7LA, ATCC 43166. 

Sequence accession no. (16S rRNA gene): not available. 


4. Anaeroplasma varium Robinson and Freundt 1987, 79°? 


va'ri.um. L. neut. adj. varium diverse, varied, intended to 
mean different from Anaeroplasma bactoclasticum. 


Cellular morphology and colonial features are similar to 
those of Acholeplasma bactoclasticum. Serologically distinct 
from other species in the genus by agglutination, metabo- 
lism inhibition, and agar gel immunodiffusion precipitation 
tests (Robinson and Rhoades, 1977). 

No evidence of pathogenicity. 

Source: occurs in the bovine and ovine rumen. 

DNA G+C content (mol % ): 33.4 (T. ). 

Type strain: A-2, ATCC 43167. 

Sequence accession no. (16S rRNA gene): M23954. 


Genus Il. Asteroleplasma Robinson and Freundt 1987, 79"? 


DANIEL R. BRowN, JANET M. BRADBURY AND KARL-ERIK JOHANSSON 


A.ste.rol.e.plas'ma. Gr. pref. a not; N.L. neut. n. sterolum sterol; e combining vowel; Gr. neut. n. plasma 
something formed or molded, a form; N.L. neut. n. Asteroleplasma name intended to indicate that sterol is 


not required for growth. 


Cellular and colonial morphology similar to species of the 
genus Anaeroplasma. Nonmotile. The three strains that form 
the new genus and species are obligately anaerobic and capable 
of growth in the absence of cholesterol or serum supplements. 
Temperature optimum for growth is 37°C. No evidence of bac- 
teriolytic activity. The organisms are serologically distinct from 
other members in the family Anaeroplasmataceae. Occur in the 
ovine rumen. 
DNA G+C content (mol96): about 40 (T. , Bd). 


Type species: Asteroleplasma anaerobium Robinson and Fre- 
undt 1987, 79V? 


Further descriptive information 


The most prominent characteristics of the organisms are strictly 
anaerobic growth and growth in the absence of sterol supple- 
ments. The G+C contents of strains analyzed to date are higher 
than the values for Anaeroplasma species (Stephens et al., 1985). 
DNA-DNA reassociation values clearly show that strains 1617, 


GENUS II. ASTEROLEPLASMA 


162, and 163 of Asteroleplasma anaerobium are genetically related 
and distinct from established species in the genera Acholeplasma 
or Anaeroplasma (Stephens et al., 1985). Tube agglutination 
tests and gel diffusion precipitation tests showed that strains 
assigned to Asteroleplasma anaerobium are serologically distinct 
from Anaeroplasma species (Robinson and Rhoades, 1977). No 
data have been reported on antibiotic sensitivity or pathoge- 
nicity of asteroleplasmas. Strains have been isolated only from 
sheep rumen. Isolation and maintenance techniques are simi- 
lar to those reported for Anaeroplasma species. 


Differentiation of the genus Asteroleplasma 
from other genera 


Properties that partially fulfill criteria for assignment to the 
class Mollicutes (Brown et al., 2007) include absence of a cell 
wall, filterability, and the presence of conserved 16S rRNA gene 
sequences. The obligately anaerobic nature of Asteroleplasma is 
a distinctive and stable characteristic. Strictly anaerobic growth 
plus growth in the absence of sterol supplements exclude assign- 
ment to any other taxon in the class. Extracellular bacteriolytic 
and proteolytic enzymes are absent. Growth is not inhibited by 
20 mg/ml digitonin. 


Taxonomic comments 


The taxonomic position of strains 1617, 162, and 163 of obligately 
anaerobic mollicute serovar 4 was delineated through obser- 
vations that they did not require sterol for growth (Robinson 


List of species of the 


1. Asteroleplasma anaerobium Robinson and Freundt 1987, 79? 


a.na.e.ro'bi.um. Gr. pref. an not; Gr. n. aer air; Gr. n. bios life; 
N.L. neut. adj. anaerobium not living in air. 


This is the type species of the genus Asteroleplasma. Cell 
morphology and colonial characteristics are similar to those 
of other members of the order Anaeroplasmatales. Strains 1617, 
162, and 163 form a homogeneous and distinct serological 
group, as judged by about 8076 DNA-DNA hybridization and 
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etal., 1975), were serologically distinct (Robinson and Rhoades, 
1977), and had G+C contents that were much higher than those 
of Anaeroplasma species (Christiansen et al., 1986). Less than 5% 
DNA-DNA relatedness existed between these strains and spe- 
cies assigned to the genus Anaeroplasma (Stephens et al., 1985). 
Lastly, the significance of the group and the need to clarify its 
taxonomic status was emphasized when it was demonstrated 
that a significant proportion of the anaerobic mollicute popula- 
tion in the bovine and ovine rumen does not require sterol for 
growth (Robinson and Rhoades, 1982). The phylogenetic analy- 
sis of Weisburg et al. (1989) indicated that Asteroleplasma anaero- 
bium had branched from the Firmicutes lineage independently 
of Acholeplasma and Anaeroplasma. Further, Asteroleplasma shared 
two of three important synapomorphies that united the Myco- 
plasma and Spiroplasma lineages. Thus, the question of possible 
monophyly and the true phylogenetic position of Asteroleplasma 
with respect to other mollicutes remains open. 
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Phylum XVII. Acidobacteria phyl. nov. 


J. CAMERON THRASH AND JOHN D. CoATES 


A.ci'do.bac.ter'i.a. Acidobacteriales type order of the phylum; removing the -ales ending and 
inserting -a to denote phylum; N.L. neut. n. Acidobacteria the phylum of Acidobacteriales. 


The phylum currently contains two classes, three orders, three 
families, and six described genera. The phylum is identified on 
the basis of phylogenetic analysis of 16S rRNA gene sequences 
(Figure 117). 

Culture-independent methods have identified significant 
diversity within the phylum based on 16S rRNA gene sequences 
(Barns et al., 1999; Hugenholtz et al., 1998; Kuske et al., 1997; 
Ludwig et al., 1997; Meisinger et al., 2007; Quaiser et al., 
2003; Zimmermann et al., 2005). Currently, more than 3000 
Acidobacteria sequences exist in public databases making up 
26 coherent groups within the phylum (Barns et al., 2007). 
Acidobacteria sequences have been detected in a wide variety 
of habitats including soils, sediments, hot springs, marine 


Geobacter metallireducens 


Acanthopleuribacterales 


Holophagales 


Acidobacterales 


0.07 


Acanthopleuribacter pedis FYK2218 (AB303221) 

Geothrix fermentans H5 (U41563) 

Holophaga foetida TMBS4 (X77215) 
Edaphobacter modestus Jbg-1 (DQ528760) 
-Edaphobacter aggregans Wbg-1 (DQ528761) 


T roseus KBS 63 (DQ660892) 


Acidobacterium capsulatum 161 (D26171) 


snow, feces (Barns et al., 1999), a variety of cave environments 
(Meisinger et al., (2007), and references therein), and metal- 
contaminated soils (Barns et al., 2007). Although few of these 
representatives have been cultivated, many new isolates have 
recently been reported (Janssen et al., 2002; Joseph et al., 
2003; McCaig et al., 2001; Sait et al., 2006, 2002; Stevenson 
et al., 2004). Future analysis of these additional isolates should 
improve understanding of the various functional roles played 
by members of this phylum, supplementing that for the six 
genera already described. 

Table 145 provides characteristics that can be used to distin- 
guish the six genera. 

Type order: Acidobacteriales ord. nov. 


Aquifex aeolicus 


Verrucomicrobium spinosum 
Magnetospirillum magnetotacticum 
=== Agrobacterium tumefaciens 
a agitata 


Pseudomonas aeruginosa 


Escherichia coli 


Holophagae 


Acidobacteria 


Acidobacteriia 


mc ENEMEN COI— 
Brevibacterium equis 


FIGURE 117. Phylogenetic tree of the Acidobacteria based on the 16S rRNA gene. The phylum contains six described 
genera in two classes, three orders, and three families. The class Acidobacteriia contains the genera Acidobacterium, 
Edaphobacter, and Terriglobus in a single family, Acidobacteriaceae, in the order Acidobacteriales. The class Holophagae 
contains the genera Holophaga, and Geothrix in the family Holophagaceae in the order Holophagales, and the genus 
Acanthopleuribacter in the family Acanthopleuribacteraceae in the order Acanthopleuribacterales. Bar = 0.07 substitutions 
per site. Tree was constructed using Bayesian analysis (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsen- 


beck, 2003). 
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Class |. Acidobacteriia Cavalier-Smith 2002, 12V? 


J. CAMERON THRASH AND JOHN D. Coates 


A.ci.do.bac.te.ri'i.a. N.L. neut. n. Acidobacterium type genus of the type order Acidobacte- 
riales; N.L. suff. -ia, ending proposed by Gibbons and Murray and by Stackebrandt et al. to 
denote a class; N.L. neut. pl. n. Acidobacteriia, the class of Acidobacteriales. 


The class Acidobacteriia was circumscribed for this volume on 
the basis of phylogenetic analysis of 165 rRNA gene sequences; 
the class contains the sole order Acidobacteriales. 

Type order: Acidobacteriales ord. nov. 


Reference 


Cavalier-Smith, T. 2002. The neomuran origin of archaebacteria, the 
negibacterial root of the universal tree and bacterial megaclassifica- 
tion. Int. J. Syst. Evol. Microbiol. 52: 7-76. 


Order |. Acidobacteriales Cavalier-Smith 2002, 12V? 


J. CAMERON THRASH AND JOHN D. Coates 


A.ci'do.bac.ter.i.a'les. N.L. neut. n. Acidobacterium type genus of the order; -ales ending to 
denote order; N.L. fem. pl. n. Acidobacteriales the Acidobacterium order. 


The order Acidobacteriales was circumscribed for this volume 
on the basis of phylogenetic analysis of 16S rRNA gene 
sequences; the order contains the family Acidobacteriaceae. 

Type genus: Acidobacterium Kishimoto, Kosako and Tano 
1991a, 456 (Effective publication: Kishimoto, Kosako and Tano 
1991b, 6.). 
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FAMILY |. ACIDOBACTERIACEAE 


Family |. Acidobacteriaceae fam. nov. 


J. CAMERON THRASH AND JOHN D. Coates 


A.ci'do.bac.ter.i.a'ce.ae. N.L. neut. n. Acidobacterium type genus of the family; suff. -aceae denoting family; 
N.L. fem. pl. n. Acidobacteriaceae the Acidobacterium family. 


The family Acidobacteriaceae was circumscribed for this volume on 
the basis of phylogenetic analysis of 16S rRNA gene sequences; the 
family contains the genera Acidobacterium (type genus) , Edaphobacter, 
and Terriglobus. All known species grow as chemoorganotrophs. 


Type genus: Acidobacterium Kishimoto, Kosako and Tano 
1991b, 456 (Effective publication: Kishimoto, Kosako and Tano 
1991c, 6.). 


Genus |. Acidobacterium Kishimoto, Kosako and Tano 1991b, 456"? (Effective publication: Kishimoto, 
Kosako and Tano 1991c, 6) 


J. CAMERON THRASH AND JOHN D. CoATES 


A.ci'do.bac.ter'i.um. N.L. n. acidum an acid; L. neut. n. bacterium a small rod; N.L. neut. n. Acidobacterium 


an acid-loving rod. 


Rod-shaped cells, 0.3-0.8 um x 1.1-2.3 um. Gram-stain- 
negative. Nonphotosynthetic. Nonsporeforming. Cells occur 
singly, in pairs, or in short chains. Capsule produced. Aerobic, 
having an obligately aerobic metabolism. Acidophilic. Growth at 
pH 3.0-6.0, but not at 6.5. No growth at 3.5% NaCl. Do not 
denitrify. Catalase-positive. Chemoorganotrophic. Growth on a 
variety of sugars including glucose as the sole carbon source. 
No growth on alcohols including methanol. Growth is inhibited 
by 0.25 mM acetate, 2 mM lactate, and 4 mM succinate. Growth 
at 25-37°C but not at 42°C. Motile by peritrichous flagella. The 
major quinone is menaquinone with eight isoprene units (MK- 
8). The major fatty acid is C... 2- and 3-Hydroxy fatty acids are 
absent except for trace amounts of C,, ,. 

Source: acid mine drainage in the Yanahaya mine, Okayama, 
Japan. 

DNA G+C content (mol % ): 59.7—60.8. 

Type species: Acidobacterium capsulatum Kishimoto, Kosako 
and Tano 1991b, 456"' (Effective publication: Kishimoto, 
Kosako and Tano 1991c, 6.). 


Further descriptive information 


As seen by electron microscopy, cells have peritrichous flagella. 
A capsule can be visualized by India ink staining. 

The only species in the genus was isolated from a mine in 
Okayama, Japan by plating acid mine drainage samples on 
glucose-yeast extract (GYE) plates (Kishimoto and Tano, 1987). 
Many closely related organisms identified by both culture and 
culture-independent techniques have been reported from a 
variety of ecosystems including acid mine drainage (Kishimoto 


etal., 1991c), mine mud and soil (Kishimoto et al., 1991c), and 
other acidic soils (Sait et al., 2006). Actdobacterium contains the 
following major fatty acids: Ci Cis Cis Ciso Cv Czo Cisa? 
Ciso» C44, 150, C,,., iso, C,,,, iso, and C 


cyclo. 


18:0? 715:0 17:0 19:0 


Enrichment and isolation procedures 


The type strain was isolated on GYE plates from an acid mine 
drainage community obtained from the Yanahaya mine in 
Okayama, Japan. Samples were collected and plated within 8 
h (Kishimoto et al., 1991c; Kishimoto and Tano, 1987). GYE 
media is composed of (g/l distilled water): (NH,),SO,, 2.0; KCI, 
0.1; K,HPO,, 0.1; MgSO, -7H,O, 0.5; glucose, 1.0, yeast extract 
(Difco Laboratories), 0.1. pH adjusted to 3.0 with H,SO,. Cells 
are grown at 30°C. 


Maintenance procedures 


The type strain is maintained as a lyophilized culture at the 
DSMZ. 


Differentiation of the genus Acidobacterium 
from other genera 


Acidobacterium is strictly aerobic whereas Geothrix and Holophaga 
are strictly anaerobic. Acidobacterium is acidophilic, but Geothrix 
and Holophaga grow preferentially at about neutral pH. Acido- 
bacterium has 79% 16S rRNA gene sequence identity with Geo- 
thrix and Holophaga, 91% identity with Edaphobacter, and 92% 
identity with Terriglobus. Terriglobus does not contain the fatty 
acid Cig, o9c. 


List of species of the genus Acidobacterium 


l. Acidobacterium capsulatum Kishimoto, Kosako and Tano 
1991b, 456"* (Effective publication: Kishimoto, Kosako and 
Tano 1991c, 6.) 


cap.su.la'tum. N.L. neut. adj. capsulatum capsuled. 


Colonies on GYE gellan gum plates are pale orange to 
orange. 

The characteristics are as described for the genus 
with the following additional information. The cells are 
positive for f-galactosidase, p-glucuronidase, o-fucosidase, 


Nacetyl-B-glucosaminidase, and co-glucosidase activity 
(Kishimoto et al, 1991a). Additionally, cells produce p- 
glucosidase and secrete it extracellularly (Kishimoto et al., 
1991a, c). Cells also have cellulase, xylanase, and trehalase 
activity (Inagaki et al., 1998, 2001). 

DNA G+C content (mol 96): 60.8 (HPLC). 

Type strain: 161, ATCC 51196, DSM 11244, JCM 7670, 
NCIMB 13165, NRBC 15755. 

Sequence accession no. (16S rRNA gene): D26171. 
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Genus Il. Edaphobacter Koch, Gich, Dunfield and Overmann 2008, 1119"? 


J. CAMERON THRAsH AND JOHN D. CoATES 


E.da'pho.bac'ter. Gr. neut. n. edaphos soil; N.L. masc. n. bacter a short rod; N.L. masc. n. Edaphobacter 


rod of the soil. 


Rod-shaped cells, 1.0-2.1 um x 0.5-0.9 um. Gram-stain-nega- 
tive. Nonsporeforming. Cells occur singly or in clumps. Do not 
form capsule. Aerobic, having an obligately aerobic metabolism 
with oxygen as the terminal electron acceptor. Acidophilic. 
Growth at pH 4.0-7.0, with a pH optimum of 5.5. Catalase- 
positive. Chemoorganotrophic. Growth on a variety of sugars, 
some amino acids, yeast extract, and peptone as the sole carbon 
source. Growth between 15 and 37°C, with a temperature opti- 
mum of 30*C. May be motile or nonmotile. Major fatty acids 
include C,,, 07c/C,., iso 2-OH and C,,, o8c. Isolated from 
mollisol on Jochberg in southern Germany and leptosol in a 
forest near Würzburg, Germany. 

DNA G+C content (mol 96): 55.8—56.9. 

Type species: Edaphobacter modestus Koch, Gich, Dunfield 
and Overmann 2008, 1121"? 


Further descriptive information 


Cells form round beige colonies when grown on agar or gellan 
gum. Edaphobacter are positive for the following enzyme activities: 
alkaline phosphatase, acid phosphatase, naphthol-AS-BI-phos- 
phohydrolase, esterase, esterase lipase, leucyl arylamidase, o-chy- 
motrypsin, o-galactosidase, f-galactosidase, f-glucuronidase, 
a-glucosidase, B-glucosidase, and o-fucosidase. 

Edaphobacter contain the following major fatty acids in com- 
mon between both species: Ciso Cis. iso, C,,, iso, and may con- 


16:0? 17:0 


tain the following additional fatty acids: C,,,, Ciso Cizo Ciso 
Cio Ci; Q5c, Cisa 066 C, 150 H, Ci abc, Cia Q8c, Cigi @9¢, 
C, iso H, em iso, C... iso, C, iso 996 C „o 10-methyl, C,, , iso, 
C,,, 97c/ C,,, iso 2-OH, and C,,, o11c/C,,, o9c. 


Species in the genus were isolated from mollisol on Jochberg 
in southern Germany and leptosol in forest near Würzburg, 
Germany. 


Enrichment and isolation procedures 


Edaphobacter modestus Jbg-1 was isolated from mollisol at 1400 
m on Jochberg, Germany. Enrichments were inoculated 
from soil sampled within the top 3 cm into pH 6.3 HEPES- 
buffered (10 mM) media containing pectin, chitin, starch, 
cellulose, xylan, and curdlan (196 each), and included cAMP, 
N-(oxohexanoyl)-pL-homoserine lactone, N-(butyryl)-bL-homo- 
serine lactone at 10 uM each. Incubations were carried out at 


15°C. An enrichment positive for acidobacteria-specific PCR 
products was streaked on agar plates containing casein peptone 
(0.05%), glucose (0.01%), and yeast extract (0.025%) (Koch 
et al., 2008). 

Edaphobacter aggregans Wbg-l was isolated from forest leptosol 
in a deciduous forest near Würzburg, Germany. Agar plates con- 
taining defined pH 7.0 phosphate-buffered (100 mM) media, 
as described by Koch et al. (2008), were sprinkled with soil sam- 
pled within the top 8-13 cm and incubated at 20°C in a sealed, 
20% methane (in air) headspace. After successive transfers on 
this media, colonies were transferred to R2A agar plates. 


Maintenance procedures 


Both strains are maintained as lyophilized culture at the 
DSMZ. 


Differentiation of the genus Edaphobacter 
from other genera 


While both Acidobacterium and Terriglobus can utilize cellobiose, 
D-galactose, maltose, and D-mannose, Edaphobacter species can- 
not. Likewise, Edaphobacter can make use of amino acids, such 
as L-glutamate and r-glutamine, which the other genera can- 
not. Additionally, 16S rRNA gene sequence identity between 
the type species and the other genera distinguishes Edaphobacter 
as a unique genus: 95% identity with Terriglobus, 91% identity 
with Acidobacteriwm. 


Differentiation of species of the genus Edaphobacter 


The two species of the genus Edaphobacter are distinguished 
physiologically by differential substrate utilization. Addition- 
ally, Edaphobacter modestus and Edaphobacter aggregans contain 
very different fatty acid profiles. The dominant fatty acid for 
Edaphobacter modestus is C,., ©7¢/C,,,, iso 2-OH, with C; iso 
and C,., as secondary fatty acids. In contrast, the dominant fatty 
acid for Edaphobacter aggregans is C, 8c, with C,,,, iso and C, 
as secondary fatty acids. Edaphobacter modestus can be motile, 
Edaphobacter aggregans is nonmotile, and each have slightly dif- 
ferent growth ranges for temperature and pH. Also, by DNA- 
DNA hybridization, these two species share only 11.5-13.6% 
similarity (Koch et al., 2008). 


List of species of the genus Edaphobacter 


1. Edaphobacter modestus 
Overmann 2008, 1121” 


mo.des'tus. L. masc. adj. modestus moderate, referring to the 
adaptation of the type strain to low substrate concentrations. 


Koch, Gich, Dunfield and 


The type strain is adapted to low substrate concentra- 
tions. 

The characteristics are as described for the genus with 
the following additional information. Rods are 1.0-1.8 um x 
0.5-0.7 um. Motile. Positive for cytochrome oxidase. Growth 


at pH 4.5-7.0 with an optimum of pH 5.5. Growth at 15-30*C 
with an optimum of 30°C. Differential to Wbg-1, Jbg-1 can 
utilize L-arabinose, D-fructose, D-glucosamine, D-lyxose, tre- 
halose, p-xylose, L-rhamnose, D-sorbitol, L-lyxitol, p-man- 
nitol, myo-inositol, and xylitol. Contains the following fatty 
acids: C,» C5, 180, Ciz 150, C,,,, Cigo Cia O56 Ciz iso 9c 
and C,., 07c/C,., iso 2-OH. 

DNA G+C content (mol% ): 55.8 (HPLC). 

Type strain: Jbg-1, ATCC BAA-1329, DSM 18101. 

Sequence accession no. (16S rRNA gene): DQ528760. 


14:0? 
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2. Edaphobacter aggregans Koch, Gich, Dunfield and 
Overmann 2008, 1121% 
ag'gre.gans. L. part. adj. aggregans assembling, aggregating. 
The type strain may grow in clumps. 
The characteristics are as described for the genus with 
the following additional information. Rods are 1.5-2.1 um x 
0.7-0.9 um. Nonmotile. Growth at pH 4.0-7.0 with an opti- 
mum of pH 5.5. Growth at 15-37°C with an optimum of 30*C. 


FAMILY |. ACIDOBACTERIACEAE 


Differential to Jbg-1, Wbg-1 can utilize L-aspartate, L-ornithine, 


and p-glucuronic acid. Contains the following fatty acids: C g> 


Ciso 150, Cy 1so, Co Cio Coo: Cia obc Giga 150 H, Cia abc, 
Ciz @8¢, Cig 096 Ciga iso H, C,,, iso, Cigo iso, Ciz 10-methyl, 
C, iso, C,,, @7¢/C,,,, iso 2-OH, and C,,, o11c/C,,, 090 


DNA G+C content (mol % ): 56.9 (HPLC). 
Type strain: Wbg-1, ATCC BAA-1497, DSM 19364. 
Sequence accession no. (16S rRNA gene): DQ528761. 


Genus Ill. Terriglobus Eichorst, Breznak and Schmidt 2007b, 1933"? (Effective publication: Eichorst, 
Breznak and Schmidt 2007a, 2715.) 


J. CAMERON THRASH AND JOHN D. Coates 


Ter.ri.glo’bus. L. fem. n. terra earth; L. masc. n. globus ball, clump; N.L. masc. n. Terriglobus clump of earth. 


Rod-shaped cells, 0.5-0.7 um x 0.9-1.4 um. Gram-stain- 
negative. Cells occur singly or in clumps. Extracellular matrix 
produced. Aerobic, having an obligately aerobic metabolism. 
Acidophilic. Growth at pH 4.5-7.0, with optimum between pH 
5-6. Catalase-positive. Negative for oxidase activity. Chemoor- 
ganotrophic. Growth on a variety of sugars as well as succinate 
as the sole carbon source. Growth at 12—23°C, but not at 4 
or 37°C. Nonmotile. The major fatty acid is C,,, 07c/C,., iso 
2-OH. 

Source: never-tilled soils at the Michigan State University 
W. K. Kellogg Biological Station Long-Term Ecological Research 
(KBS LTER) site in Michigan, USA. 

DNA G+C content (mol % ): 59.8. 

Type species: Terriglobus roseus Eichorst, Breznak and Schmidt 
2007b, 1933" (Effective publication: Eichorst, Breznak and 
Schmidt 20072, 2716.). 


Further descriptive information 


Cells contain carotenoids with absorption maxima in chloro- 
form at 473, 505, and 539 nm. Terriglobus can grow at oxygen 
content from 2 to 20%. 

Terriglobus contains the following major fatty acids: C 
Ciso Ciso N OH, Ciro Ciso Coo C 
Cisi 076 C44, 056 C,,, 06,96, Ciso 
C, iso 056, Cz iso, C, , anteiso, C 
3-OH, and C,., 07c/C,., iso 2-OH. 


15:0 


Ciao: 
14:1 w5¢, Cisa abc, Cisa @5ç, 
iso, Ci; iso, C; anteiso, 
anteiso, C,., iso H/C 


14:0? 


19:0 13:0 


The only species in the genus was isolated from never-tilled 
soils at the Michigan State University KBS LTER site in Michi- 
gan, USA. 


Enrichment and isolation procedures 


Approximately 30 g from 2.5 cm x 10.0 cm cores of never-tilled 
soil from the Michigan State University Kellogg Biological Station 
LTER site was added to 100 ml phosphate-buffered solution 
containing 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, and 2 
mM KH,PO,, adjusted to pH 7.0, supplemented with 2.24 mM 
Na,P,O, decahydrate and 1 mM dithiothreitol, and stirred vig- 
orously for 30 min. The slurry was allowed to settle for 30 min. 
Aliquots of supernatant were then used to inoculate serial dilu- 
tions in isolation media and plated as described in Eichorst 
et al. (2007a). 


Maintenance procedures 


The type strain is maintained as lyophilized culture at the 
DSMZ. 


Differentiation of the genus Terriglobus from other genera 


Terriglobus can be distinguished from Acidobacterium and Eda- 
phobacter by 16S rRNA gene sequence identity (92 and 95%, 
respectively) and fatty acid composition, as Terriglobus does not 
contain the fatty acid C,,, 9c, which is present in Acidobacte- 
rium and Edaphobacter. 


List of species of the genus Terriglobus 


1. Terriglobus roseus Eichorst, Breznak and Schmidt 2007b, 
1933 (Effective publication: Eichorst, Breznak and Schmidt 
20072, 27716.) 


ro'se.us. L. masc. adj. roseus rose-colored, pink. 


Colonies on R2A medium are round and pink. 


The characteristics are as described for the genus with the 
following additional information. Carotenoid concentration 
increases with increasing oxygen partial pressures. 

DNA G+C content (mol % ): 59.8 (HPLC). 

Type strain: KBS 63, DSM 18391, NRRL B-41598. 

Sequence accession no. (16S rRNA gene): DQ660892. 


ORDER I. HOLOPHAGALES 
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Class Il. Holophagae Fukunaga, Kurahashi, Yanagi, Yokota and Harayama 2008, 2601” 


J. CAMERON THRASH AND JOHN D. Coates 


Ho.lo.pha’gae. N.L. fem. n. Holophaga type genus of the type order Holophagales; -ae 
ending to designate a class; N.L. fem. pl. n. Holophagae the class of Holophagales. 


The class Holophagae was designated by Fukunaga et al. (2008) 
on the basis of phylogenetic analysis of 16S rRNA gene 
sequences. It is equivalent to subdivision 8 previously defined 
by Hugenholtz et al. (1998) and contains the orders Holo- 
phagales and Acanthopleuribacterales (Fukunaga et al., 2008). 

Type order: Holophagales Fukunaga, Kurahashi, Yanagi, 
Yokota and Harayama 2008, 26005". 
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Order I. Holophagales Fukunaga, Kurahashi, Yanagi, Yokota and Harayama 2008, 2600"* 


J. CAMERON THRASH AND JOHN D. Coates 


Ho.lo.pha.ga'les. N.L. fem. n. Holophaga type genus of the order; -ales ending to denote 
order; N.L. fem. pl. n. Holophagales the Holophaga order. 


The order Holophagales was designated by Fukunaga et al. 
(2008) on the basis of phylogenetic analysis of 16S rRNA gene 
sequences; the order contains the family Holophagaceae. 

Type genus: Holophaga Liesack, Bak, Kreft and Stackebrandt 
1995, 197%” (Effective publication: Liesack, Bak, Kreft and 
Stackebrandt 1994, 88). 
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FAMILY I. HOLOPHAGACEAE 


Family |. Holophagaceae Fukunaga, Kurahashi, Yanagi, Yokota and Harayama 2008, 2600"* 


J. CAMERON THRASH AND JOHN D. Coates 


Ho.lo.pha.ga’ce.ae. N.L. fem. n. Holophaga type genus of the family; suff. -aceae denoting family; 
N.L. fem. pl. n. Holophagaceae the Holophaga family. 


The family Holophagaceae was designated by Fukunaga et al. 
(2008) on the basis of phylogenetic analysis of 16S rRNA gene 
sequences; the family contains the genera Holophaga (type genus) 
and Geothrix. All known species grow as chemoorganotrophs. 


Type genus: Holophaga Liesack, Bak, Kreft and Stackebrandt 
1995, 197%? (Effective publication: Liesack, Bak, Kreft and 
Stackebrandt 1994, 85-90.). 


Genus |. Holophaga Liesack, Bak, Kreft and Stackebrandt 1995, 197"? (Effective publication: Liesack, Bak, 
Kreft and Stackebrandt 1994, 88.) 


J. CAMERON THRASH AND JOHN D. Coates 


Ho.lo'pha.ga. Gr. adj. holos entire; Gr. v. phagein to eat; N.L. fem. n. Holophaga eating it all. 


Rod-shaped cells, 0.5-0.7 um x 1-3 um. Gram-stain-negative. 
Nonphotosynthetic. Nonsporeforming. Anaerobic, having 
strictly anaerobic metabolism that is obligately fermentative. 
Ferments trimethoxybenzoate and syringate to dimethylsulfide 
and methanediol. Ferments pyruvate and trihydroxybenzenes 
such as pyrogallol and gallate, as well as methylated deriva- 
tives of hydroxybenzene including 3,4,5-trimethoxybenzoate 
(TMB). Aromatics are fermented to acetate. Optimal growth 
is at 28-32°C. No growth below 10°C or above 35°C. Optimum 
growth from pH 6.8 to 7.5. No growth below pH 5.5 or above 
pH 8.0. Growth with NaCl from 0.1 to 1.5%. Nonmotile. Con- 
tains ctype cytochromes. 

Source: anoxic mud near Konstanz, Germany. 

DNA G+C content (mol % ): 62.5. 

Type species: Holophaga foetida Liesack, Bak, Kreft and Stack- 
ebrandt 1995, 197Y* (Effective publication: Liesack, Bak, Kreft 
and Stackebrandt 1994, 89.). 


Further descriptive information 


Only the following compounds are known to support growth: 
TMB, syringate, 5-hydroxyvanillate, phloroglucinolmonometh- 
ylether, sinapate, ferulate, caffeate, gallate, 2,4,6-trihydroxy- 
benzoate, pyrogallol, phloroglucinol, and pyruvate. Cells also 
utilize the methyl substituents of methylated aromatic com- 
pounds. Methyl substituents are subject to simultaneous or 


alternative homoacetogenic metabolism. If sulfide is present 
in the media, methlylated sulfides are formed. Trihydroxyben- 
zenes are degraded through the phloroglucinol pathway. 

The only species in the genus was isolated from black anoxic 
mud near Konstanz, Germany. 


Enrichment and isolation procedures 


The type strain was isolated with deep-agar dilutions from black 
anoxic ditch mud near Konstanz, Germany. Mud was added to 
liquid media dilution series supplemented with 3 mM TMB or 
syringate (Bak et al., 1992). Dilutions of 10 and higher showed 
positive growth and were successfully subcultured and transferred 
to deep-agar tubes for isolation. All enrichment procedures were 
carried out under anoxic conditions at 28°C in the dark. 


Maintenance procedures 
The type strain is maintained as lyophilized culture at the DSMZ. 


Differentiation of the genus Holophaga from other genera 


Holophaga is anaerobic and obligately fermentative, distinguish- 
ing it from the respiratory Acanthopleuribacter, and Geothrix. 
Holophaga can complete methyl-transfer reactions to sulfide 
generating methanethiol and dimethylsulfide. 16S rRNA gene 
sequence divergence also distinguishes Holophaga from Geothrix 
(9496), and Acanthopleuribacter (84%). 


List of species of the genus Holophaga 


1. Holophaga foetida Liesack, Bak, Kreft and Stackebrandt 
1995, 197"" (Effective publication: Liesack, Bak, Kreft and 
Stackebrandt 1994, 89.) 
foe.ti'da. L. fem. adj. foetida stinking, here referring to the 


production of malodorous methanethiol and dimethlysul- 
fide. 


Colonies on agar are lens-shaped, translucent, beige. The 
characteristics are as described for the genus with the follow- 
ing additional information. 

DNA G+C content (mol 96): 62.5 (HPLC). 

Type strain: TMBS4, DSM 6591. 

Sequence accession no. (16S rRNA gene): X77215. 


Genus Il. Geothrix Coates, Ellis, Gaw and Lovley 1999, 1620"? 


J. CAMERON THRASH AND JOHN D. Coates 


Ge'o.thrix. Gr. n. gé earth; Gr. fem. n. thrix hair; N.L. fem. n. Geothrix hair of earth, refers to the cell morphology 


under fumarate-reducing conditions. 


Rod-shaped cells 0.1 um x 1-2 um. Nonphotosynthetic. Non- 
sporeforming. Cells occur singly and in chains. Anaerobic, 


having an obligately anaerobic metabolism that can be 
either fermentative or respiratory using nitrate, Mn(IV), 


GENUS Il. GEOTHRIX 


anthraquinone-2,6-disulfonate (AQDS), poorly crystalline 
iron(III) oxide, and iron(II) chelated with nitrilotriacetic 
acid [Fe(IIT)-NTA] or citrate as alternative electron acceptors. 
Chemoorganotrophic. Growth on yeast extract and organic 
acids including acetate and lactate, but not on alcohols includ- 
ing ethanol. Capable of fermenting organic acids including 
citrate and fumarate. End products of citrate fermentation are 
acetate and succinate. Optimal growth is 35—40^C. No growth at 
or below 25°C. Nonmotile. Contains ¢type cytochromes. 

Source: petroleum-contaminated aquifer in Hanahan, South 
Carolina, USA. 

DNA G+C content (mol % ): unknown. 

Type species: Geothrix fermentans Coates, Ellis, Gaw and 
Lovley 1999, 1620V*, 


Further descriptive information 


When growing with fumarate as the sole electron acceptor 
in liquid medium, cells form long intertwined chains of hun- 
dreds of cells. In contrast, when growing on iron(II) as the 
sole electron acceptor, cells grow singly or in short chains of 
two to three cells. 

The only species in the genus was isolated from petroleum- 
contaminated aquifer sediment in South Carolina, USA, by 
enrichment first with toluene and iron(III) NTA and then with 
acetate and iron(III) NTA. 


Enrichment and isolation procedures 


The type strain was isolated on iron(II) pyrophosphate/ace- 
tate plates from a contaminated aquifer enrichment culture 
growing on toluene and iron(III) NTA. The original inoculum 
was from petroleum-contaminated aquifer sediment from the 


733 


Defense Fuel Supply Center in Hanahan, South Carolina, USA. 
The enrichment sediments were amended with 2 mmol kg 
NTA and 10 uM toluene. After sediments were adapted to con- 
sistent oxidation of toluene coupled to iron(III) reduction, 
1 g of this enrichment sediment was used to inoculate liquid 
enrichment cultures growing on iron(III) NTA and acetate 
(Coates et al., 1999). After enrichment, the organism was iso- 
lated on iron(III) pyrophosphate/acetate plates where growth 
resulted in clearing zones in the green-colored iron(III) pyro- 
phosphate around the colonies. All incubations were carried 
out at 30°C under strictly anaerobic conditions with a N,/ CO, 
(80:20) headspace. 


Maintenance procedures 


Cultures of Geothrix can be maintained on plates or liquid cul- 
ture with weekly transfers. Long term storage can be done with 
lyophilization or freezing at —80°C. Cryoprotective agents like 
50% glycerol should be added before freezing and must be 
made anaerobic prior to addition of cells. 


Differentiation of the genus Geothrix from other genera 


Terminal electron-accepting processes distinguish Geothrix 
from Holophaga and Acanthopleuribacter. Geothrix is an obligate 
anaerobe whereas Acanthopleuribacter is an obligate aerobe and 
Holophaga is non-respiratory. Additionally, Geothrix can also fer- 
ment, Acanthopleuribacter does not. Low (94% and 84%) 16S 
rRNA gene sequence homology distinguishes Geothrix from 
Holophaga and Acanthopleuribacter, respectively. Holophaga is obli- 
gately fermentative, whereas Geothrixis capable of fermentation 
and anaerobic respiration of a variety of alternative electron 
acceptors including iron (III) and nitrate. 


List of species of the genus Geothrix 


1. Geothrix fermentans Coates, Ellis, Gaw and Lovley 1999, 
1620” 


fer.men'tans. L. part. adj. fermentans fermenting. 


Colonies on iron (II) pyrophosphate are white, less than 
1mm in diameter. Colonies are red when grown on fumarate 
medium. 

The characteristics are as described for the genus with the 
following additional information. Optimum growth temper- 
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ORDER II. ACANTHOPLEURIBACTERALES 


Order Il. Acanthopleuribacterales Fukunaga, Kurahashi, Yanagi, Yokota and Harayama 2008, 2600"* 


J. CAMERON THRASH AND JOHN D. Coates 


A.can'tho.pleu.ri.bac'te.ra'les. N.L. masc. n. Acanthopleuribacter type genus of the order; 
-ales ending to denote order; N.L. fem. pl. n. Acanthopleuribacterales the Acanthopleuribacter 


order. 


The order Acanthopleuribacterales was designated by Fukunaga 
et al. (2008) on the basis of phylogenetic analysis of 165 rRNA 
gene sequences; the order contains the family Acanthopleurib- 
acteraceae. 

Type genus: Acanthopleuribacter Fukunaga, 
Yanagi, Yokota and Harayama 2008, 2600", 


Kurahashi, 


Reference 


Fukunaga, Y., M. Kurahashi, K. Yanagi, A. Yokota and S. Harayama. 
2008. Acanthopleuribacter pedis gen. nov., sp. nov., a marine bacterium 
isolated from a chiton, and description of Acanthopleuribacteraceae 
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Family |. Acanthopleuribacteraceae Fukunaga, Kurahashi, Yanagi, Yokota and Harayama 
2008, 2600"* 


J. CAMERON THRASH AND JOHN D. Coates 


A.can'tho.pleu.ri.bac'te.ra'ce.ae. N.L. masc. n. Acanthopleuribacter type genus of the family; suff. 
-aceae denoting family; N.L. fem. pl. n. Acanthopleuribacteraceae the Acanthopleuribacter family. 


The family Acanthopleuribacteraceae was designated by Fukunaga 
etal. (2008) on the basis of phylogenetic analysis of 16S rRNA gene 
sequences; the family contains the sole genus Acanthopleuribacter. 


Type genus: Acanthopleuribacter Fukunaga, Kurahashi, 


Yanagi, Yokota and Harayama 2008, 2600". 


Genus I. Acanthopleuribacter Fukunaga, Kurahashi, Yanagi, Yokota and Harayama 2008, 2600V* 


J. CAMERON THRAsH AND JOHN D. CoATES 


A.can'tho.pleu.ri.bac'ter. N.L. n. Acanthopleura mollusk genus designation; N.L. masc. n. bacter a rod; N.L. 
masc. n. Acanthopleuribacter a rod from Acanthopleura, in reference to the source of the type strain, the 


chiton Acanthopleura japonica. 


Rod-shaped cells, 0.7-1.0 um x 2.4-4.7 um. Gram-negative by 
TEM inspection. Aerobic, having an obligately aerobic meta- 
bolism. Mesophilic. Growth at pH 5.0-9.0, optimally at pH 
7.0-8.0. Do not reduce nitrate or nitrite. Chemoorganotrophic. 
Growth on a variety of amino acids including r-serine, as well as 
a-b-glucose as the sole carbon source. Growth on marine agar 
from 15 to 30°C with optimum growth at 30°C. Motile by peri- 
trichous flagella. The major quinones are menaquinone with 
six and seven isoprene units (MK-6, MK-8). The major fatty 
acids are C; iso, C}; iso, C,,,; major hydroxy fatty acids are 
Cz iso 3-OH and C,,,, iso 3-OH. 

Source: Acanthopleura japonica chiton from the Boso penin- 
sula, Chiba, Japan. 

DNA G+C content (mol % ): 56.7. 

Type species: Acanthopleuribacter pedis Fukunaga, Kurahashi, 
Yanagi, Yokota and Harayama 2008, 2600%". 


17:0 


Further descriptive information 


As seen by electron microscopy, cells have peritrichous flagella 
and gram-negative cell wall structure. 

The only species in the genus was isolated from foot tissue 
of a Acanthopleura japonica chiton taken from a beach near the 


Natural History Museum and Institute at Katsuura, Boso penin- 
sula, Chiba, Japan. 


Enrichment and isolation procedures 


The type strain was isolated from a Acanthopleura japonica chi- 
ton. The chiton was washed in sterile artificial seawater (ASW, 
Naigai Chemical Products), dissected, and tissues homogenized 
to serve as inoculum for serial dilutions in sterile ASW. Dilu- 
tions yielding cells were plated on 1:5 dilution marine agar 2216 
(Difco) and incubated at 20°C for 8 d. 


Maintenance procedures 


The type strain is maintained as a lyophilized culture at the 
NBRC. 


Differentiation of the genus Acanthopleuribacter 
from other genera 


Acanthopleuribacter is obligately aerobic whereas Geothrix and 
Holophaga are obligately anaerobic. Acanthopleuribacteris strictly 
respiratory, whereas Geothrix is respiratory and fermentative 
and Holophaga is strictly fermentative. Acanthopleuribacter has 
84% 16S rRNA gene sequence identity with Geothrix and Hol- 
ophaga. 
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List of species of the genus Acanthopleuribacter 


. Acanthopleuribacter pedis Fukunaga, Kurahashi, Yanagi, 
Yokota and Harayama 2008, 2600%” 


pe'dis. L. gen. n. pedis of the foot, referring to the chiton foot 
from which the type strain was isolated. 


Colonies on marine agar plates are smooth circular, and 
yellow. 

The characteristics are as described for the genus with the 
following additional information. Cells contain the follow- 


ing major fatty acids: C ,,, iso, C, iso, Cj, ,, Ciso iso, Cis 


Reference 
Fukunaga, Y., M. Kurahashi, K. Yanagi, A. Yokota and S. Harayama. 


2008. Acanthopleuribacter pedis gen. nov., sp. nov., a marine bacterium 
isolated from a chiton, and description of Acanthopleuribacteraceae 


Ciso N alcohol, C, iso, C,,, @96 C,,, @10c iso, C,,. 3c, 
C3. iso 3-OH and C,,,, iso 3-OH. Cells also have catalase, oxi- 
dase, protease, D-glucosidase, alkaline phosphatase, leucine 
arylamidase, valine arylamidase, trypsin, acid phosphatase, 
naphthol-AS-BI-phosphohydrolase, N-acetyl-B-glucosamini- 
dase, esterase C4, ester lipase C8, and cystine arylamidase 
activity. 

DNA G+C content (mol 96): 56.7 (HPLC). 

Type strain: FYK2218, NRBC 101209, KCTC = 12899. 

Sequence accession no. (16S rRNA gene): AB303221. 


fam. nov., Acanthopleuribacterales ord. nov., Holophagaceae fam. nov., 
Holophagales ord. nov. and Holophagae classis nov. in the phylum 'Aci- 
dobacteria’ . Int. J. Syst. Evol. Microbiol. 58: 2597-2601. 


Phylum XVIII. Fibrobacteres Garrity and Holt 2001 


ANNE M. Spain, CEciL W. FoRsBERG AND LEE R. KRUMHOLZ 


Fi'bro.bac.ter'es. N.L. masc. n. Fibrobacter type genus of the type order; -es ending to denote 
phylum N.L. fem. pl. n. Fibrobacteres the Fibrobacter phylum. 


The phylum Fibrobacteres currently consists of three classes cir- 
cumscribed on the basis of phylogenetic analysis of 16S rRNA 
gene sequences, including one cultivated class, Fibrobacteria 
class. nov. Fibrobacterales is the type order, and contains a single 
family and genus. 

The phylum Fibrobacteres is most closely related to the Bacteroi- 
detes | Cytophaga-Flavobacterium-Bacteroides (CFB) | phylum based 
on signature sequences of proteins (Griffiths and Gupta, 2001; 
Gupta, 2004; Gupta and Lorenzini, 2007). Phylogenic analyses 
based on 16S rRNA gene sequences support the relatedness of 
Fibrobacteres to this phylum, but indicate it is even more closely 
related to a candidate division TG3 (Hongoh et al., 2005, 
20062), and also shares a common ancestor with Gemmatimon- 
adetes (Figure 118). The phylum contains three classes (Table 
146, Figure 118), only one of which contains cultivated isolates 
and is formally named and described herein. 

Although all of the currently extant species were isolated from 
the rumen or other locations of the gastrointestinal tract, 16S rRNA 


Nitrospirae 


Cyanobacteria 


Escherichia coli 


Fibrobacteres 


Gemmatimonadetes 


0.10 


genes related to the Fibrobacteres have been observed in a number 
of environments (Table 146, Figure 119). It is therefore likely that 
this phylum is much more broadly distributed in the environment 
than indicated on the basis of the habitat of the pure culture rep- 
resentatives. Clones within the class /brobacteria (but not belong- 
ing to Fibrobacterales) were detected in an acid-impacted lake and 
a sulfidic cave stream biofilm (Figure 119), as well as within the 
termite species Macrotermes gilvus (Hongoh et al., 2006b). The 
class-level lineage Fibrobacteria-2 was originally named a subphylum 
of Fibrobacteres and is solely composed of clone sequences derived 
from the gut of different species of termites (Hongoh et al., 
20062). The third class-level lineage of Fibrobacteria, denoted here 
as "Environmental clones", consists of clones detected in both soil 
and water downstream of manure (Figure 119). Although only 
three sequences are shown in Figure 119, unpublished sequences 
of «1000 bp belonging to this class-level lineage have been depos- 
ited in GenBank and also come from soil and water sources. 
Type order: Fibrobacterales ord. nov. 


Acidobacteria 


Deferribacteres 


Spirochaetes 


Bacteroidetes 


Chlorobi 
Caldithrix 


Marine Group A 


FIGURE 118. Maximum-likelihood tree of the phylum Fibrobacteres in relation to closely related phyla. The tree was 
constructed from two or more aligned nearly full-length (21300 bp) 16S rRNA gene sequences from each phylum- 
level lineage using the fastDNAml method. Bootstrap values >50 are shown on the left or above corresponding 
branches and are based on 1000 replicates. 
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TABLE 146. Taxonomic divisions within the phylum Fibrobacteres 


Delineation [Max. (mean + SD) ]* Isolate sources” 


To Fibrobacter succinogenes 


Lineage Within lineage str. S85° Environmental clones Cultivated isolates 
Phylum. Fibrobacteres 0.29 (0.18 + 0.06) 0.25 (0.15 + 0.07) 
Class I. Fibrobacteria 0.18 (0.10 + 0.06) 0.16 (0.08 + 0.06) 
Order I. Fibrobacterales 0.11 (0.07 + 0.03) 0.09 (0.05 + 0.03) 


Family I. Fibrobacteraceae 
Genus I. Fibrobacter 


F. succinogenes 0.06 (0.05 + 0.01) 0.06 (0.04 + 0.02) Equine cecum Ovine rumen 
Bovine rumen Bovine rumen 
F intestinalis 0.04 0.09 (0.09 + 0.00) na Ovine rumen 
Rat cecum 
Porcine cecum 
Unclassified Fibrobacteria 0.18 (0.14 + 0.03) 0.16 (0.13 + 0.02) Termite gut na 


Sulfidic cave 
stream biofilm 


Acid-impacted lake 
Class II. Fibrobacteria-2 0.14 (0.09 + 0.02) 0.22 (0.20 + 0.01) Termite gut na 
Class III. Environmental clones 0.19 (0.14 + 0.04) 0.25 (0.22 + 0.02) Soil and water? na 


“Delineation values are derived from a distance matrix of all sequences in Figure 118, based on Jukes-Cantor-corrected distances. Maximum delineation values are 
the maximum pairwise distances between any two sequences within a given lineage; mean delineation values are the mean distances between any two sequences from 
Figure 118 within a given lineage. 

^na, Not applicable. 

‘Pairwise distances between sequences from all lineages were compared to that from Fibrobacter succinogenes str. S85, used as a reference. 


‘Water source was 10 m downstream from manure application site. 


100 r-Fibrobacter succinogenes subsp. succinogenes str. BL2 


98 Fibrobacter succinogenes subsp. succinogenes str. S85 d 
97 Fibrobacter succinogenes subsp. elongatus str. HM2 š ^ 
100 Fibrobacter succinogenes str. MCI 8 ° 
95 Fibrobacter succinogenes str. GC5 š $ 
100 Fibrobacter intestinalis str. NR9 s S 
Fibrobacter intestinalis str. JG1 ° = 
100 acid-impacted lake clone ADK-MOh02-47 
98 sulfidic cave stream biofilm clone PC06110-B11 
98 Macrotermes sp. gut clone MgMjR-014 
Nasutitermes sp. gut clone Nt2-109 
Nasutitermes sp. gut clone Nt2-023 d 
58 Microtermes sp. gut clone MINP2 - 42 3 
52 Microtermes sp. gut clone M1PT4-22 = 
86 Microtermes sp. gut clone MIPT4-02 š 
98 Microtermes sp. gut clone M2PT2-01 & 
95 Microtermes sp. gut clone M2PT2—90 R2 
88 Pericapritermes sp. gut clone Pn-Fib-2 
100 Termes comi s gut clone Tc-Fib-6 
Reticulitermes sp. gut clone Ram-Fib-2 
98 California grassland soil clone FCPN637 : 
100 Oklahoma mixed grass prairie soil clone FFCH12636 SP 
ones 


water (10 m downstream manure) clone 258ds10 


Gemmatimonas aurantiaca 


0.10 


FIGURE 119. Distance phylogram of species within the three classes of the phylum Fibrobacteres. Environmental clone sequences are only included 
in lineages with no cultivated representatives. The tree was constructed from nearly full-length (21300 bp) 16S rRNA gene sequences using the 
neighborjoining algorithm with Jukes—Cantor corrected distances. Bootstrap values >50 are shown above corresponding branches and are based 
on 1000 replicates. 
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Class |. Fibrobacteria class. nov. 


ANNE M. Spain, Ceci. W. FonsBERG AND LEE R. KRUMHOLZ 


Fi.bro.bac.te'ri.a. N.L. masc. n. Fibrobacter type genus of the type order of the class; suff. 
-ia ending proposed by Gibbons and Murray and by Stackebrandt et al. to denote a class; 


N.L. neut. pl. n. Fibrobacteria the Fibrobacter class. 


The class Fibrobacteria is circumscribed here on the basis of 
16S rRNA sequences. The class contains the single type order 
Fibrobacterales ord. nov. 


Order |. Fibrobacterales ord. nov. 


ANNE M. Spain, Ceci. W. FoRSBERG AND LEE R. KRUMHOLZ 


Fi.bro.bac.ter.a'les. N.L. masc. n. Fibrobactertype genus of the order; -ales ending to denote 
order; N.L. fem. pl. n. Fibrobacterales the Fibrobacter order. 


The order Fibrobacterales is circumscribed herein on the basis 
of phylogenetic sequences. The order contains the sole family, 
Fibrobacteraceae fam.nov. Cells are rod-shaped of varying lengths 
and are capable of growth on cellulose. Members of the genus 
Fibrobacter are anaerobic. 

Type genus: Fibrobacter Montgomery, Flesher and Stahl 1988, 
434°. 


Reference 


Montgomery, L., B. Flesher and D. Stahl. 1988. Transfer of Bacteroides 
succinogenes (Hungate) to Fibrobacter gen. nov. as Fibrobacter succino- 
genes comb. nov. and description of Fibrobacter intestinalis sp. nov. Int. 
J. Syst. Bacteriol. 38: 430—435. 


Family |. Fibrobacteraceae fam. nov. 


ANNE M. Spain, CEciL W. FORSBERG AND LEE R. KRUMHOLZ 


Fi.bro.bac.ter.a'ceae. N.L. masc. n. Fibrobacter type genus of the family, -aceae ending to denote 
family; N.L. fem. pl. n. Fibrobacteraceae the Fibrobacter family. 


Cells are Gram-stain-negative obligately anaerobic and rod-to- 
ovoid in shape depending on the strain and the culture con- 
ditions. Older cultures form sphaeroplasts. Motility appears 
to occur by gliding, but cannot be observed microscopically. 
Flagella have not been detected. Membranes are composed of 
straight-chain fatty acids and phospholipids are predominantly 
ethanolamine plasmalogens. 


All of the strains grow by degrading cellulose and cellulose 
containing plant compounds. Cells will also grow on the soluble 
sugars, glucose, or cellobiose. The major fermentation prod- 
ucts are succinate and acetate. Although bacteria will grow on 
soluble forms of cellulose, they are thought to exist primarily as 
cells that are directly attached to decomposing plant material. 

Type genus: Fibrobacter Montgomery, Flesher and Stahl 1988, 
434P. 
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Genus |. Fibrobacter Montgomery, Flesher and Stahl 1988, 434VP 


ANNE M. Spain, Ceci. W. FORSBERG AND LEE R. KRUMHOLZ 


Fi'bro.bac'ter. L. fem. n. fibra fiber or filament in plants or animals; N.L. masc. n. bacter rod or staff; N.L. 
masc n. Fibrobacter bacterial rod that subsists on fiber. 


Cells are rod-shaped (0.3-0.5 um x 0.8-1.6 um) or ovoid (0.8— 
1.6 um x 0.8-1.6 um). Obligately anaerobic non-sporing and 
not detectably motile by microscopy. They are able to migrate 
through agar when growing on cellulose, suggesting a gliding 
form of motility. Ferment a narrow range of carbohydrates 
including glucose, cellobiose, and cellulose. Other sugars 
including lactose or maltose are fermented by a few species. 
The fermentation products are acetate and succinate, and some- 
times formate at low levels. Cells require CO,, straight-chain 
and branched-chain fatty acids in the media as well as ammonia 
as the N source. Membranes are composed of straight-chain 
fatty acids, and phospholipids are predominantly ethanolamine 
plasmalogens. Habitat is the mammalian gastrointestinal tract. 

DNA G+C content (mol % ): 45-51. 

Type species: Fibrobacter succinogenes Montgomery, Flesher 
and Stahl 1988, 434°. 


Taxonomic comments and further descriptive information 


The first pure culture of Fibrobacter was described as Bacteroides 
succinogenes by (Hungate, 1950). Prévot (1966) considered Bacte- 
roides succinogenes to belong in the genus Ruminobacter, but the 
name Ruminobacter succinogenes was not validly published. More 
recently, phylogenetic analysis showed that strains of Bacteroides 
succinogenes were phylogenetically distinct from other species of 
Bacteroides necessitating the formation of a new genus (Mont 
gomery et al., 1988). Sequences of small-subunit rRNA of several 
strains were shown to have less than 72% similarity with Bacteroi- 
des fragilis providing evidence that these organisms constituted a 
distinct evolutionary line of descent at the phylum level. 

There are currently no phenotypic characteristics that are 
useful for distinguishing the two species Fibrobacter intestinalis 
and Fibrobacter succinogenes. Small-subunit rRNA analysis must 
be used. Fibrobacter succinogenes subsp. succinogenes can be distin- 
guished from fibrobacter succinogenes subsp. elongatus based on 
cell morphology, the former being ovoid and the latter more 
slender and rod-shaped. 

Within the genus, strains of Fibrobacter succinogenes subsp. suc- 
cinogenes and Fibrobacter succinogenes subsp. elongatus have a 16S 
rRNA sequence similarity of 95.3-98.1% (Amann et al., 1992) 
and DNA hybridization of less than 20%. Between the two spe- 
cies, the 16S rRNA similarity is 91.8-92.9%, with a DNA hybrid- 
ization of less than 10%. 


Enrichment and isolation procedures 


All of the isolates to date have been obtained from the gastroin- 
testinal (GI) tract and have been described as two species within 
Fibrobacter. These organisms were isolated by directly diluting 
GI tract contents into roll tubes containing media with milled 
filter paper as substrate. Hungate originally isolated Fibrobacter 
succinogenes using an agar mineral medium containing clarified 
rumen fluid (a source of nutrients) and acid treated milled 
cotton (Hungate, 1950) in a mineral solution containing bicar- 
bonate and a reducing agent. This original medium contained 
1-2% agar and involved shake or roll tubes. Bryant and Doetsch 
(1954) later isolated a variety of strains from the rumen, most 


likely using similar techniques. Much more recently, an effective 
technique was described by Macy et al. (1982), which involves 
diluting the contents of the rat cecum using a mineral solution 
buffered with 0.5% NaHCO, and reduced with cysteine and 
sulfide. Dilutions were then used as inoculum for a similar agar 
medium containing 0.596 agar and 0.596 pebble-milled What- 
man no. 1 filter paper. Each serum tube (1.6 x 15 cm) con- 
tained a low volume (3 ml) of agar medium. Tubes were then 
cooled on a tube roller producing an extremely thin agar layer. 
Tubes were then incubated at 39°C for several days. Cells do not 
form colonies under these conditions, but the clearings due to 
cellulose hydrolysis can be easily visualized in this soft thin agar. 
Cells were picked from the cleared areas and transferred to a 
rich sugar based medium. 

Alternatively, Fibrobacter succinogenes can be isolated from 
enrichment cultures (Stewart et al., 1981). The enrichment 
media contained minerals, vitamins, fatty acids, and dewaxed 
cotton (0.25%). After approximately five transfers in the enrich- 
ment media, colonies of Fibrobacter succinogenes are isolated by 
diluting into roll tubes containing a cellobiose-based medium. 

The above isolation techniques are tedious and also techni- 
cally challenging. As such, they have not been used commonly 
outside of the rumen microbiology field. It is likely that this is 
the main reason why there are no isolates from any environ- 
ment other than the GI tract. 


Miscellaneous comments 


Accessibility to cellulose digestion sites in the cell-wall matrix 
has been suggested as the rate-limiting factor in cellulose diges- 
tion (Dehority and Tirabasso, 1998). It has been proposed that 
access to cell-wall polymers is limited by the small pore size 
between polymers, which is on the order of 2-4 nm. This size is 
not sufficient to allow free diffusion of simple globular enzymes 
with masses greater than 20 kDa into the wall matrix (Gardner 
et al., 1999). Since the plant cell wall is a matrix of different 
polymers, a combination ofcellulase and hemicellulase enzymes 
acting simultaneously is therefore essential. It was originally 
assumed that Fibrobacter succinogenes cells contained an array of 
the key enzymes for plant cell-wall biodegradation because it 
can burrow into the plant cell-wall matrix (Cheng et al., 1983). 
Insight into this conclusion was clearly documented (Matulova 
et al., 2005) by growth of Fibrobacter succinogenes strain S85 on 
C enriched wheat straw and by assessment of the products of 
hydrolysis using a combination of nuclear magnetic resonance 
spectroscopy, and sugar linkage and compositional analysis. 
They observed the absence of acetylated xylooligosaccharides 
among the hydrolysis products despite the highly acetylated 
state of wheat straw cell-wall materials (Bourquin and Fahey, 
1994), thereby documenting extensive enzymic deacetylation. 
Free sugars and polymers that accumulated in the culture fluid 
were xylose, arabinose, and arabinoglucuronoxylan oligosac- 
charides indicating extensive hemicellulase action. They also 
observed simultaneous degradation of hemicellulose and cel- 
Iulose, and furthermore, amorphous and crystalline regions of 
cellulose were degraded at the same rate, which supported the 
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concept of the concerted action of numerous enzymes in the 
surface degradation of the cell walls. Glucose did not accumu- 
late in the medium, indicating rapid utilization of plant cell oli- 
gosaccharides with minimal cellodextrin export and recycling 
as previously suggested (Wells et al., 1995). The accumulation 
of xylose and arabinose occurred as was expected since they 
are not used as a carbon source (Matte and Forsberg, 1992; 
Matte et al., 1992). However, 4-OMe-a-glucuronic acid was not 
detected despite the presence of a-glucuronidase (Smith and 
Forsberg, 1991), which may be explained by low activity of the 
enzyme. This research clearly documented that digestion of the 
cell-wall matrix by Fibrobacter succinogenes involves the interac- 
tion of a complex array of fibrolytic enzymes. 

Enzymology and cloning studies prior to sequencing the 
genome of Fibrobacter succinogenes S85 documented the presence 
of seven endoglucanases, as well as a cellodextrinase, a chlo- 
ride-stimulated cellobiosidase, a lichenase, and a o-glucuroni- 
dase (Forsberg et al., 2000). Added to this array of enzymes 
were at least three xylanases (Jun et al., 2003), an arabinose 
debranching xylanase (Matte and Forsberg, 1992), three acetyl 
xylan esterases (Kam et al., 2005; McDermid et al., 19902), an 
arabinofuranosidase, and a ferulic acid esterase (McDermid 
et al., 1990b). The debranching nature of both the acetylxylan 
esterase and the xylanase clearly have very important roles in 
plant cell-wall biodegradation because they improve access of 
other enzymes to previously unavailable substrate. 

Bera-Maillet et al. (2004) conducted experiments to deter- 
mine whether ten glycosyl hydrolase genes, previously cloned 
from Fibrobacter succinogenes S85, were present in other strains 
of Fibrobacter succinogenes and in Fibrobacter intestinalis strain 
NR9. Almost all of the glycosyl hydrolase genes were detected 
in strains of Fibrobacter succinogenes closely related to strain S85, 
and a few were present in Fibrobacter intestinalis NR9. Only celF, 
a member of glycosyl hydrolase family 51, a 118-kDa endoglu- 
canase of carbohydrate binding module families 11 and 30, was 
detected in all strains of Fibrobacter succinogenes and in Fibrobacter 
intestinalis NR9. A concluding remark from this study was that 
Fibrobacter succinogenes strain S85 is a representative model of the 
species for studying the mechanism of cellulose and plant cell- 
wall digestion. 

To elucidate the role of adhesion of Fibrobacter cells to micro- 
crystalline cellulose in the digestion of cellulose, adhesion 
defective mutants were isolated from both Mbrobacter succinogenes 
S85 (Gong and Forsberg, 1989) and Fibrobacter intestinalis DR7 
(Miron and Forsberg, 1998). In both studies it was observed 
that the mutants either grew more slowly on cellulose or not 
at all, but their growth on glucose was unaffected, which sug- 
gested that adhesion was essential for cellulose digestion. 

Sequencing of the genome of Fibrobacter succinogenes strain S85 
has dramatically modified the approach to studies on the mech- 
anism of plant cell-wall digestion. The genome of Fibrobacter suc- 
cinogenes S85 is 3.8 Mbp and contains 3252 open reading frames 
putatively encoding proteins. Of these, 120 appear to encode 
enzymes involved in plant cell-wall biodegradation on the basis 
of amino acid sequence similarity to plant cell-wall-degrading 
enzymes of other bacteria and fungi. The degradative enzymes 
include 91 glycosyl hydrolases, 14 carbohydrate esterases, and 
nine pectate hydrolases (Morrison et al., 2003). The glycosyl 
hydrolases include 33 cellulases (in families 5, 8, 9, 10, 44, 45, 
51, and 74), and 27 xylanases (mainly in families 8, 10, 11, 30, 
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39, and 43). Only five of these cellulases have cellulose binding 
modules (CBMs) while 13 of the xylanases have CBMs. Hemi- 
cellulose debranching enzymes include 14 cinnamoyl esterases 
(ten containing CBMs) and nine pectate lyases (four contain- 
ing CBMs). From a count of putative plant cell-wall-degrading 
enzymes, the number present in Fibrobacter succinogenes exceeds 
those present in Thermobifida fusca, Clostridium thermocellum, and 
Cytophaga hutchinsonii. However, no proteins were found with 
similarity to scaffoldin, cohesin, or dockerin proteins character- 
istic of cellulosomal cellulase complexes present in the ruminal 
bacteria Ruminococcus albus and Ruminococcus flavefaciens and the 
cellulolytic ruminal fungi (Doi and Kosugi, 2004; Lynd et al., 
2002). Furthermore, there were no genes encoding cellulases 
from families 6 and 48, which typically contain exoglucanases 
found in both cellulosomal and non-cellulosomal cellulase sys- 
tems that degrade crystalline cellulose, for example, those of 
Thermobifida fusca and Clostridium. thermocellum. Furthermore, 
in contrast to the cellulase systems of Thermobifida fusca and 
Clostridium thermocellum, which once synthesized remain active, 
that of Fibrobacter succinogenes is inactivated upon suspension of 
growth (Maglione et al., 1997). This further supports the con- 
clusion that the mechanism of cellulose digestion by Fibrobacter 
succinogenes is very different from that of other organisms in 
nature. 

The availability of the genome has not led to an immediate 
solution of the mechanism of cellulose digestion by Fibrobacter 
succinogenes. Nonetheless, it has greatly enhanced our ability to 
dissect the cellulase system through the application of one- and 
two-dimensional electrophoresis and mass spectroscopy of tryp- 
tic digests of nanogram quantities of proteins. A total of 11 novel 
cellulose binding proteins were identified as important candi- 
dates for roles in adhesion of cells to cellulose as all were absent 
from the outer membrane of a mutant strain of Fibrobacter suc- 
cinogenes S85 incapable of binding to cellulose. None of these 
proteins contained a classic CBM (Jun et al., 2007). Some of 
these proteins have affinity specifically for amorphous cellu- 
lose, as documented, with a second non-adherent mutant that 
bound to amorphous cellulose, but not to crystalline cellulose, 
while others are specific for crystalline cellulose. The binding 
properties of the proteins were determined by mixing deter- 
gent-solubilized outer membranes from the two mutants and 
the wild-type bacterium with amorphous and crystalline cellu- 
lose, and analysis of the bound proteins by SDS-PAGE and mass 
spectrometry. One of these proteins was a pilin, and a role for 
pili in binding of Ruminococcus albus to cellulose has been docu- 
mented (Pegden et al., 1998). In the same study, 16 proteins 
induced by growth of Fibrobacter succinogenes on cellulose were 
also identified, and this included Cell0A (FSU0257) a previ- 
ously characterized chloride-stimulated cellobiosidase (Huang 
et al., 1988; Jun et al., 2007). A critical question is whether 
all of the putative glycosyl hydrolases are expressed at a level 
sufficiently high to have a role in plant cell-wall digestion, or 
whether only selected hydrolase enzymes are responsible for 
this phenotype. Several published studies (Jun et al., 2007; Qi 
et al., 2007, 2008a) and unpublished data have led to the identi- 
fication of a short list of glycoside hydrolases that are expressed 
by Fibrobacter succinogenes S85 (Table 147). However, this is not 
the complete list since the nucleotide sequences of several 
biochemically characterized xylanases (Matte and Forsberg, 
1992), acetyl xylan esterases (McDermid et al., 19902), feruloyl 
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esterase(s) (McDermid et al., 1990b), and an a-glucuronidase 
(Smith and Forsberg, 1991) have not been determined. It will 
be important to obtain the sequences of these genes, because of 
their potentially important roles in hemicellulose digestion. 

Beginning with highly expressed cellulases, the synergistic 
interaction of the enzymes was studied (Qi et al., 2007). These 
experiments led to the conclusion that the two predominant 
endoglucanases Cel51A (FSU0382) and Cel9B (FSU2361) for- 
merly characterized as endoglucanases 1 and 2, respectively 
(McGavin and Forsberg, 1988), probably play central roles 
in cellulose digestion. However, one of the most interesting 
enzymes recently identified is a glucan glucohydrolase Cel9D 
(FSU2558) that preferentially cleaves glucose residues from the 
non-reducing ends of long chains of glucose residues, but does 
not readily hydrolyze cellobiose (Qi et al., 2008a). It exhibits 
a strong synergistic interaction with Cel51A (FSU0382) and 
Cel8B (FSU2303), both of which produce a mixture of cellooli- 
gosaccharides as their cellulose hydrolysis products. 

Based on our knowledge of the Fibrobacter succinogenes cellu- 
lase system, a schematic diagram illustrating the cellulases and 
CBMs involved in cellulose digestion is presented in Figure 120. 
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Although information about the proteins involved in cellulose 
digestion is extensive, precise knowledge of the mechanism of 
decrystallization of highly crystalline cellulose, and the proteins 
involved in the process, is still lacking. Fibrobacter succinogenes 
S85 obviously has a very efficient mechanism for the initial 
amorphization of crystalline cellulose, since it grows as rapidly 
as any other cellulolytic bacterium with crystalline cellulose as 
the sole source of carbon and energy. 

Fibrobacter intestinalis strains are known for their capacity to 
degrade and utilize cellulose as a source of carbon. The avail- 
ability of the Fibrobacter succinogenes genome sequence has been 
valuable in the identification of numerous Fibrobacter intestinalis 
glycosyl hydrolases with similarity to those in Fibrobacter succi- 
nogenes. Application of both forward and reverse suppressive 
subtractive hybridization (Qi et al., 2005, 2008b) found 37 gly- 
cosyl hydrolases in Fibrobacter intestinalis strain DR7 that, on the 
basis of low stringency hybridization, were similar to those in 
Fibrobacter succinogenes. In addition, five other cellulase similari- 
ties were already known. This genome sequence provides infor- 
mation that will enable the cloning and subsequent enzymic 
characterization of many Fibrobacter intestinalis cellulases. 


List of species of the genus Fibrobacter 


1. Fibrobacter succinogenes (Bacteroides succinogenes Hungate 
1950, 13^) Montgomery, Flesher and Stahl 1988, 434" 


suc.ci.no'ge.nes. N.L. n. acidum succinum succinic acid; N.L. 
suff. -genes (from Gr. v. gennaó to produce), producing; N.L. 
adj. succinogenes succinic-acid-producing. 

Cellulose is also used by all strains. Soluble substrates 
include cellobiose, D-glucose, and sometimes lactose. Other 
compounds such as starch, pectin, maltose, and treha- 
lose have been used, but consistent results have not been 
obtained. Habitats include the mammalian GI tract. Sev- 
eral studies have addressed the question of distribution of 
Fibrobacter within the intestine of cattle, sheep, goats, and 
horses (Koike et al., 2004; Lin et al., 1994; Lin and Stahl, 
1995). Fibrobacter succinogenes subsp. succinogenes was present 
in roughly equal levels in comparison to Fibrobacter succino- 
genes subsp. elongatus in the rumina of sheep and hay fed 
cattle. Fibrobacter succinogenes subsp. succinogenes was the dom- 
inant Fibrobacter subspecies in rumina of goats. However, this 
subspecies was only a minor component if observed at all in 
the lower GI tract of horses and goats and in the rumina of 
commercial (non-hay fed) steers. These data in conjunction 
with earlier results support the conjecture that Fibrobacter suc- 
cinogenes subsp. succinogenes is a critical component of the 
rumen microbial community during feeding of hay. 

Source: bovine rumen. 

DNA G+C content (mol % ): 48-49 (Bd). 

Type strain: S85, ATCC 19169. 

Sequence accession no. (16S rRNA gene): AJ496032. 


la. Fibrobacter succinogenes subsp. succinogenes (Bacteroides 
succinogenes Hungate 1950, 13^) Montgomery, Flesher and 
Stahl 1988, 434V* 
suc.ci.no'ge.nes. N.L. n. acidum succinum succinic acid; N.L. 
suff. -genes (from Gr. v. gennaó to produce), producing; N.L. 
adj. succinogenes succinic-acid-producing. 
Cells are ovoid to lemon shaped (0.8-1.6 um x 0.9-1.6 
um). Sphaeroplasts form after growth ceases. Colonies on 


cellobiose agar are lenticular, translucent, and light brown 
when examined by transmitted light. Individual colonies 
poorly clear cellulose contained in agar unless they are cul- 
tured with Treponema bryanti (Kudo et al., 1987). Optimal 
clearing occurs in roll tubes containing 0.5% each of milled 
cellulose and purified agar (Montgomery and Macy, 1982). 
Broth cultures are evenly turbid and produce a smooth 
sediment. All of the strains tested require biotin, and para- 
aminobenzoic acid (PABA) is stimulatory. 

Source: bovine rumen. 

DNA G+C content (mol % ): 48-49 (Bd). 

Type strain: S85, ATCC 19169 

Sequence accession no. (16S rRNA gene): AJ496032. 


lb. Fibrobacter succinogenes subsp. elongatus corrig. Mont- 
gomery, Flesher and Stahl 1988, 434%” 


e'lon.ga'tus. L. masc. part. adj. elongatus elongated, 
stretched out. 


Cells are rod-shaped (0.3-0.5 um x 0.8-2.0 um). Spha- 
eroplasts form after growth ceases. Colonies on cellobiose 
agar are lenticular, translucent, and light brown when 
examined by transmitted light. Some strains produce a yel- 
low pigment. Clear zones are formed in cellulose agar, but 
colonies are indistinct and transient in the absence of fer- 
mentable sugars. Clearing is best at 0.5% each of agar and 
cellulose. Broth cultures are evenly turbid and produce a 
smooth sediment; some strains produce a yellow pigment. 
Vitamin requirements are biotin and sometimes cyanoco- 
balamine (B,,) and PABA. Habitats include the mammalian 
intestines, rumina, and ceca. In studies characterizing the 
distribution of Fibrobacter species in the GI tracts of cattle, 
sheep, goats, and horses (Koike et al., 2004; Lin et al., 1994; 
Lin and Stahl, 1995), Fibrobacter succinogenes subsp. elonga- 
tus was shown to make up the majority of Fibrobacter cells in 
commercial (grain fed) steers and in the lower GI tract and 
cecum of one of three goats and in the rumina of the other 
two goats. It was present at roughly equal levels relative to 
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FIGURE 120. Putative strategy for cellulose degradation by Fibrobacter succinogenes. This figure shows the cellulases produced by Fibrobacter succino- 
genes. Degradation of cellulose could be divided into three steps. In STEP 1, cellulases Cel9B, Cel9C, Cel51A, Cel8B, and Cel5G cleave the cellulose 
chains probably at amorphous regions and degrade the strand(s) into cellodextrins; STEP 2, cellodextrinases Cel5C and Cl-stimulated cellobiosi- 
dase Cell 0A degrade the cellodextrins produced in STEP 1 to cellobiose; STEP 2’, cellodextrins and single glycan chains on cellulose are degraded 
to glucose by Cel9D; STEP 3, cellobiose is degraded by cell associated B-glucosidase to glucose intra- or extracellularly. Glucose and cellobiose 
produced from STEP 2 and 3 can be transported into cells by unknown permeases (Maas and Glass, 1991) and metabolized. Cellulases Cel5G, 
Cel5H, Cel8B, and Cel9D, which contain the BTDII (amino acid Basic C-Terminal Domain), are cell associated. Cel9H, Cel10A, and Cel51A were 
also known to be cell associated. Adhesion of Fibrobacter succinogenes was shown to be mediated by both catalytic and non-catalytic proteins. Cel5H, 
Cel51A, Cel10A, and Cel5G contain CBMs (cellulose-binding modules), which are cell associated, and may mediate the attachment of cells to cel- 
Iulose. Cel9H was known as a cellulose-binding cellulase, but its catalytic properties remain to be studied. Three other cellulases, Cel45C, Cel5B, 
and Cel9G are also produced by this bacterium. However, since the distribution of these enzymes has not been studied and no CBM or other non- 
catalytic domains (CDs) could be predicted, the role of these enzymes is unknown (contributed by Dr Meng Qi, University of Guelph). 


Fibrobacter succinogenes subsp. succinogenes in the rumina of 
hay fed cattle. 

Source: ovine rumen. 

DNA G+C content (mol96): 51 (Bd) (for strain REH9-1), 
not determined (for type strain). 

Type strain: HM2, ATCC 43856. 

Sequence accession no. (16S rRNA gene): AJ496186, M62689. 


2. Fibrobacter intestinalis Montgomery, Flesher and Stahl 
1988, 434°? 


in.tes.tin.a'lis. L. n. intestinum intestines; L. masc. suff. -alis 
suffix denoting pertaining to; N.L. masc. adj. intestinalis 
pertaining to the intestines, referring to the original site of 
isolation. 


Cells are rods (0.3-0.4 um x 0.8-2.0 um) and form spha- 
eroplasts after growth ceases. Colonies on cellobiose agar 
are lenticular, translucent, and light brown when examined 
by transmitted light. Clear zones are formed in cellulose 
agar, but colonies are indistinct and transient in the absence 
of fermentable sugars. Broth cultures are evenly turbid and 
produce a smooth sediment; some strains produce a yel- 
low pigment. Vitamin requirements are cyanocobalamin 
(vitamin B,,), PABA, and sometimes thiamine and biotin. 
Habitats include mammalian intestines, rumina, and ceca. 

Source: rat cecum. 

DNA G+C content (mol% ): 45 (Bd). 

Type strain: NR9, ATCC 43854. 

Sequence accession no. (16S rRNA gene): AJ496284, M62695. 
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Phylum XIX. Fusobacteria Garrity and Holt 2001, 140 


JAMES T. STALEY AND WILLIAN B. WHITMAN 


Fu.so.bac.te'ri.a. N.L. neut. n. Fusobacterium genus of the phylum with ending -ia to denote 
phylum; N.L. neut. pl. n. Fusobacteriia the phylum of Fusobacterium. 


The phylum Fusobacteria is described in part on the basis of 
phylogenetic analyses of the 16S rRNA gene sequences of its 
members. The phylum contains rod-shaped bacteria that stain 
Gram-negative. Described species are fermentative and produce 
a variety of organic acids when grown on carbohydrates, amino 
acids or peptides. Some species are pathogenic to humans. 
Type order: Fusobacteriales Staley and Whitman, this volume. 


Reference 


Garrity, G.M. and J.G. Holt. 2001. The Road Map to the Manual. In 
Bergey’s Manual of Systematic Bacteriology, 2nd edn, vol. 1, The 
Archaea and the Deeply Branching and Phototrophic Bacteria 
(edited by Boone, Castenholz and Garrity). Springer, New York, 
pp. 119-166. 


Class |. Fusobacteriia class. nov. 


JAMES T. STALEY AND WILLIAM B. WHITMAN 


Fu.so.bac.te'ri.ia. N L. neut. n. Fusobacterium type genus of the order Fusobacteriales; suff. 
-ia ending proposed by Gibbons and Murray and by Stackebrandt et al. to denote class; 
N.L. neut. pl. n. Fusobacteriia the Fusobacterium class. 


The class Fusobacteriais described in part on the basis of phyloge- 
netic analyses of the 16S rRNA gene sequences of its members. 
The class contains facultative aerobic to obligately anaerobic 
organisms that stain as Gram-negative rods and ferment car- 
bohydrates or amino acids and peptides to produce various 


organic acids including acetic, propionic, butyric, formic or 
succinic, depending on the substrate and species. Species occur 
in sediments as well as the oral or intestinal habitats of animals. 
Some species are human pathogens. 

Type order: Fusobacteriales Staley and Whitman, this volume. 


Order |. Fusobacteriales ord. nov. 


JAMES T. STALEY AND WILLIAM B. WHITMAN 


Fu.so.bac.te.ri.a'les. N.L. neut. n. Fusobacterium type genus of the order; suff. -ales ending 
denoting order; N.L. fem. pl. n. Fusobacteriales the Fusobacterium order. 


The order Fusobacteriales is described in part on the basis 
of phylogenetic analyses of the 16S rRNA gene sequences 
of its members. The order contains facultative aerobic to 
obligately anaerobic organisms that stain as Gram-negative 
rods. All described species are nonmotile and fermenta- 
tive. Organisms ferment carbohydrates or amino acids and 
peptides to produce various organic acids including acetic, 
propionic, butyric, formic or succinic depending on the sub- 
strate and species. Species occur in anoxic environments 
including sediments as well as the oral or intestinal habitats 


of animals, including mammals. Some species are pathogenic 
to humans. 
Type genus: Fusobacterium Knorr 1922, 4*". 


Reference 


Knorr, M. 1922. Über die fusospirillare Symbiose, die Gattung Fusobacte- 
rium (K.B. Lehmann) und Spirillum sputigenum. Zugleich ein Beitrag 
zür Bakteriologie der Mundhohle. II. Mitteilung. Die. Gattung Fuso- 
bacterium. I Abt. Orig. Zentralbl. Bakteriol. Parasitenkd. Infektionskr. 
Hyg. 89: 4-22. 
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Family |. Fusobacteriaceae fam. nov. 


JAMES T. SrALEY AND WiLLIAM B. WHITMAN 


Fu.so.bac.te.ri.a.ce'a.e. N. L. neut. n. Fusobacterium type genus of the family; suff. -aceae ending 
denoting family; N.L. fem. pl. n. Fusobacteriaceae the Fusobacterium family. 


The family Fusobacteriaceae is described in part on the basis of 
phylogenetic analyses of the 165 rRNA gene sequencess of its 
members. Micro-aerotolerant to obligately anaerobic organisms 
that stain as Gram-stain-negative rods. All named species are 
nonmotile and fermentative. Ferment carbohydrates or amino 
acids and peptides to produce various organic acids including 
acetic, propionic, butyric, formic or succinic depending on the 


substrate and species. Occur in anoxic environments including 
sediments as well as the oral and intestinal habitats of animals 
including mammals. 

Comprises the genera Cetobacteriwm, Fusobacterium, Ilyobacter, 
and Propionigenium. 

Type genus: Fusobacterium Knorr 1922, 44". 


Genus |. Fusobacterium Knorr 1922, 4^ 


SaHEER E. GHARBIA, Haroun N. SHAH AND KIRSTIN J. EDWARDS 


Fu.so.bac.te'ri.um. L. n. fusus a spindle; L. neut. n. bacterium a small rod; N.L. neut. n. Fusobacterium 


a small spindle-shaped rod. 


Nonsporeforming rods that are Gram-stain-negative and obli- 
gately anaerobic. Metabolize peptone or carbohydrates in PY- 
glucose to produce butyrate, often with acetate and lower levels 
of lactate, propionate, succinate, and formate. 

DNA G+C content (mol 96): 26-34. 

Type species: Fusobacterium nucleatum Knorr 1922, 17^ 
[ Bacillus fusiformis Veillon and Zuber 1898, 540 and other com- 
binations using “Fusiformis” except the organism described as 
Fusobacterium fusiforme by Hoffman in the 7th edition of the 
Manual; Group I, Spaulding and Rettger 1937, 585; Group III 
(and probably Fusobacterium polymorphum) Baird-Parker 1960, 
458; not Fusobacterium plauti-vincentii Knorr 1922, 5.]. 


Further descriptive information 


The genus Fusobacterium includes species that do not ferment 
adonitol, arabinose, dulcitol, glycerol, glycogen, inocitol, inulin, 
mannitol, melezitose, rhamnose, ribose, sorbitol, or sorbose. 
Cellobiose is not fermented and esculin is not hydrolyzed 
except by Fusobacterium mortiferum and Fusobacterium necrogenes; 
does not reduce nitrate (except for Fusobacterium ulcerans) ; and 
does not produce catalase, lecithinase, or acetylmethycarbinol. In 
addition to butyric, propionic, and acetic acids, species produce 
variable amounts of butanol from PY medium. Small amounts 
of formate, lactate, succinate, and ethanol may be produced. 
Some species convert threonine or lactate to propionate. Pyru- 
vate is converted to acetate and butyrate and sometimes also to 
formate, succinate, and lactate. H,S is produced. All species, 
except Fusobacterium naviforme and Fusobacterium russii, produce 
propionate from threonine. Lactate is converted to propionate 
by Fusobacterium necroforum and Fusobacterium equinum. Fusobac- 
teria form volatile sulfur compounds from cysteine and methio- 
nine (Claesson et al., 1990; Pianotti et al., 1986). All species 
produce indole except for Fusobacterium mortiferum, Fusobacte- 
rium necrogenes, Fusobacterium russii, Fusobacterium ulcerans, and 
some strains of Fusobacterium varium. Apart from a weak reaction 
by Fusobacterium necrophorum, only Fusobacterium equinum produces 
esterases, while Fusobacterium canifelinum is the only fluoroqui- 
nolone resistant species of the genus. Additional features are 
described in Table 148. 


Cell morphology. The cells are pleomorphic, some are 
arranged into filaments, and are spindle-shaped with pointed 
ends (fusiform) in a few species, while others are coccobacilli. 
Width is variable. The cells may be single, in pairs end-to-end, 
or form long coiled filaments. Staining may be irregular and 
spheroplasts are common in some species. The cells of Fuso- 
bacterium nucleatum are slender, spindle-shaped with tapered or 
pointed ends 0.4—0.7 um thick and 4-10 um long, and appear 
singly, in tandem pairs, or in bundles of roughly parallel bacilli. 
Filaments are often seen in old cultures of Fusobacterium perio- 
donticum and Fusobacterium simiae which have similar cellular 
morphology to Fusobacterium nucleatum. The cells of Fusobacte- 
rium necrophorum are pleomorphic, often curved, with rounded 
and sometimes tapered ends, and they may have spherical 
enlargements. Free coccoid bodies and especially filaments 
are common. Cell length may vary from coccobacilli to long 
threads in clinical samples. Fusobacterium naviforme strains have 
boat-shaped cells. Gonidial forms may be seen in old cultures 
of Fusobacterium gonidiaformans. Fusobacterium varium is a small 
bacillus that does not form filaments. Strains of Fusobacterium 
mortiferum are extremely pleomorphic with globular forms, 
swellings, and threads. Short rods are predominant in cultures 
of Fusobacterium equinum. The other fusobacteria are pleomor- 
phic filamentous organisms. 


Cell-wall composition. Fusobacteria have a cell-wall struc- 
ture based on two membranes separated by a periplasmic space 
containing a peptidoglycan layer. Meso-lanthioine replaces 
diaminopimelic acid in Fusobacterium nucleatum, Fusobacterium 
gonidiaformans, Fusobacterium necrophorum, Fusobacterium russii, 
Fusobacterium necrogenes, Fusobacterium simiae, and Fusobacte- 
rium periodonticum (Gharbia and Shah, 1990; Kato et al., 1981; 
Vasstrand et al., 1982), while Fusobacterium varium, Fusobacterium 
naviforme, and Fusobacterium ulcerans retain meso-diaminopimelic 
acid and Fusobacteriwm mortiferum contain both versions. Fuso- 
bacterium equinium and Fusobacterium canifelinum have not 
been tested. Information on the fatty acid content and cell- 
wall composition of various Fusobacterium species can be 
found in Hofstad (1979), Kato et al. (1981, 1979), Miyagawa 
et al. (1979), Hofstad and Skaug (1980), Jantzen and Hofstad 
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(1981), and Vasstrand (1981). LPS exhibits O-antigenic speci- 
ficity linked to lipid A through 2-keto-3-deoxyoctonate. The 
lipid A of Fusobacterium nucleatum is structurally similar to that 
of Enterobactereaceae and cross-reacts serologically with anti- 
bodies to Escherichia coli lipid A (Dahlen and Mattsby-Baltzer, 
1983). Fusobacterium necrophorum isolates have a rough-type LPS, 
whereas that of Fusobacterium necrophorum subsp. necrophorum is 
of a smooth type (Brown et al., 1997). The repeat unit of the 
O-antigenic polysaccharide of Fusobacterium necrophorum LPS 
is an acid identified as a 2-amino-2-deoxy-2-C-methyl-pentonic 
acid (2-amino-2-methyl-3,4,5-trihydroxypentanoic acid), a novel 
structure not found before in nature (Hermansson et al., 
1993). The main protein of the outer membrane of Fusobac- 
terium nucleatum, designated FomA, has a molecular mass of 
40 kDa (Bakken et al., 1989b). It is a nonspecific porin present 
in the outer membrane as a trimer (Kleivdal et al., 1995). The 
gene encoding the FomA porin has been sequenced (Bolstad 
et al., 1994). The deduced topology is similar to that of porin 
structures from other bacteria. fomA has been cloned and 
expressed in Escherichia coli (Haake and Wang, 1997; Jensen 
et al, 1996). Several other outer-membrane proteins have 
been predicted from the genome sequence, among them some 
very-high-molecular-mass-proteins (Kapatral et al., 2002). FomA 
and outer-membrane proteins with molecular masses of 55, 60 
and 70 kDa are the major antigens in Fusobacterium nucleatum 
(Bakken et al., 19892). 

The cellular fatty acids in the Fusobacterium species examined 
are straight-chain saturated and monoenoic acids of chain 
lengths C,,-C,, and O-3-hydroxy-tetradecanoate is distinctive to 
the oral species Fusobacterium nucleatum, Fusobacterium simiae, 
and Fusobacterium periodonticum (Jantzen and Hofstad, 1981). 

Comparison of small-subunit rRNA sequences has revealed 
levels of sequence similarity that are consistent with the single 
genus, but intrageneric heterogeneity is evident (Lawson et al., 
1991; Tanner et al., 1994). Fusobacterium nucleatum, the species 
isolated most frequently from humans, is divided into five sub- 
species; Fusobacterium nucleatum subsp. nucleatum, subsp. poly- 
morphum, subsp. vincetii, subsp. fusiforme, and subsp. animalis, 
described on the basis of electrophoretic patterns of whole-cell 
proteins and DNA homology (Dzink et al., 1990) and electro- 
phoretic mobility of two enzymes and DNA homology (Gharbia 
and Shah, 1992). Recent evidence to support the heterogeneity 
within Fusobacterium nucleatum and the existence of distinct 
subspecies within Fusobacterium nucleatum was obtained by com- 
parison of their 16S—23S internal transcribed spacer regions 
(Conrads et al., 2002). 

Fusobacterium periodonticum is phylogenetically similar to Fuso- 
bacterium nucleatum (Jousimies-Somer and Summanen, 2002). 
Fusobacterium nucleatunclike isolates from cats and dogs were 
found to be distinct from Fusobacterium nucleatum both in their 
16S rRNA and DNA-DNA hybridization. These have been 
reclassified as Fusobacterium canifelinum which are resistant to 
levofloxacin (MIC >4 ug/ml) and other fluoroquinolones. The 
resistance is due to two substitutions in the quinolone resistance 
determining region of gyrA relative to Fusobacterium nucleatum. 
The first replacement is of Ser79 with leucine and the second is 
Gly83 is replaced with arginine (Conrads et al., 2005). 

Animal isolates of Fusobacterium necrophorum form two sub- 
species: Fusobacterium necrophorum subsp. necrophorum and Fuso- 
bacterium necrophorum subsp. funduliforme (Shinjo et al., 1991) 
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corresponding to biovars A and B. A distinctive feature sepa- 
rating the subspecies genetically is the presence of isoleucine 
and alanine tRNA gene in Fusobacterium necrophorum subsp. 
necroforum, while Fusobacterium necrophorum subsp. funduliforme 
contains the isoleucine tRNA gene (Jin et al., 2002). 

Genetic differences between the species have been reported 
in leukotoxin A (/ktA) between both subspecies (Narayanan 
et al., 2001). Subspecies necrophorum is more frequently iso- 
lated, often in pure culture, from liver abscesses than subsp. 
funduliforme. Leukotoxin, an exotoxin, is a major virulence fac- 
tor. In Fusobacterium necrophorum subsp. necrophorum, Lkt is a 
high-molecular-mass protein that is encoded by a tricistronic leu- 
kotoxin operon (/ktBAC) and induces apoptosis and necrosis 
of bovine leukocytes in a dose-dependent manner. The subsp. 
funduliforme produces lower concentration of leukotoxin and 
hence is less virulent than subsp. necrophorum. The low toxicity 
associated with subsp. funduliforme leukotoxin, a less virulent 
subspecies, may in part be due to the differences in the /kiA 
gene and reduced transcription (Tadepalli et al., 2008). 

Fusobacterium mortiferum, Fusobacterium varium, and Fusobac- 
lerium ulcerans share several phenotypic properties similar to 
Fusobacterium varium, but Fusobacterium ulcerans reduces nitrate 
to nitrite (Citron, 2002). It also contains unique fragments of 
1000 and 550 bp not present in Fusobacterium varium and Fuso- 
bacterium mortiferum (Claros et al., 1999). Fusobacterium necrogenes 
is distantly related to the other Fusobacterium species. Based on 
16S-28S rDNA spacer region sequences (Conrads et al., 2002) 
Fusobacterium gonidiaformans is genealogically related to Fusobac- 
terium necrophorum (Nicholson et al., 1994). 


Metabolism. The core metabolism of Fusobacterium nuclea- 
tumis similar to that of Clostridium, Lactococcus, and Enterococcus 
species (Kapatral et al., 2002). More than 137 transporters for 
the uptake of substrates such as peptides, sugars, metal ions, 
and cofactors have been detected. Amino acids and small pep- 
tides comprise the major sources of energy for all Fusobacterium 
species (Gharbia and H.N. Shah, 1989), however, peptides 
influence the uptake of amino acids enhancing the utilization 
of histidine and glutamate while threonine, methionine, and 
asparagine were repressed (Gharbia et al., 1989). Acidic and 
cationic amino acids are the main acids incorporated. Glutamate, 
histidine, lysine, and serine appear to be key amino acids in 
Fusobacterium nucleatum (Gharbia and Shah, 1991a; Rogers 
et al., 1992). Biosynthetic pathways exist for glutamate, aspar- 
tate, and glutamylglutamate to be used as growth substrates for 
Fusobacterium nucleatum (Takahashi and Sato, 2002). Glutamate 
is a key catabolic substrate in Fusobacterium species (Gharbia and 
Shah, 1991b). It is catabolized via the 2-oxoglutarate pathway 
with the production of acetate and butyrate as end products 
(Gharbia and Shah, 1991b). Glutamate may also be degraded 
by the methylaspartate pathway in Fusobacterium varium (Gharbia 
and Shah, 1991b). Enzymes representative for the mesaconate 
pathway for catabolism of glutamate have been detected in 
Fusobacterium varium, Fusobacterium mortiferum, and Fusobacterium 
ulcerans (Gharbia and Shah, 1991b). Fusobacterium varium and 
Fusobacterium mortiferum also possess enzymes representative of 
the 4aminobutyrate pathway. 

Amino acids are imported as monomers, di-, or oligopeptides, 
andan active transport of the dipeptide L-cysteinglycine has been 
detected in Fusobacterium nucleatum (Carlsson et al., 1994). 
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Fusobacterium species differ in their ability to use fermentable 
carbohydrates as energy sources for growth (Robrish et al., 
1991). Fusobacterium nucleatum and other species utilize glucose 
for biosynthesis of intracellular glycopolymers that can be 
degraded to produce energy under conditions of amino-acid 
deprivation (Robrish et al., 1987). The accumulation of glucose 
is dependent on energy generated by the fermentation of 
amino acids (Robrish et al., 1987). Fusobacterium mortiferum is an 
exception in that accumulation of sugars is independent of a 
fermentable amino acid. Significantly, Fusobacterium mortiferum 
has the ability to metabolize various sugars as energy sources 
for growth (Robrish et al., 1991). Sugars utilized include a- and 
P-glycosides, which are transported by the phosphoenolpyru- 
vate-dependent sugar: phosphotransferase system. Thus, it uti- 
lizes sucrose and its isomeric a-p-glucosyl-p-fructoses as energy 
sources for growth (Pikis et al., 2002). 

The genes encoding phospho-f-glucosidase (P-p-glucosi- 
dase; EC 3.22.1.86) and 6-phospho-a-p-glucosidase (maltose-6- 
phosphate hydrolase; EC 3.2.1.122) known as pbgA and mall, 
respectively, have been expressed in Escherichia coli (Bouma 
et al., 1997; Thompson et al., 1997). 


Genetics. The genome of Fusobacterium nucleatum subsp. 
nucleatum (strain ATCC 255867) contains 2.17 Mb encoding 
2067 open reading frames (ORFs) organized on a single circular 
chromosome (Kapatral et al., 2002). About 2.3% of the ORFs 
are unique to Fusobacterium nucleatum. The genome analysis has 
revealed several key aspects of the pathways of organic acid, 
amino acid, carbohydrate, and lipid metabolism. Nine very-high- 
molecular-mass outer-membrane proteins are predicted from 
the sequence, none of which has been reported in the litera- 
ture. More than 137 transporters for the uptake of a variety of 
substrates such as peptides, sugars, metal ions, and cofactors 
have been identified. Biosynthetic pathways exist for only three 
amino acids: glutamate, aspartate, and asparagine. The remain- 
ing amino acids are imported as such or as di- or oligopeptides 
that are subsequently degraded in the cytoplasm. A principal 
source of energy appears to be the fermentation of glutamate 
to butyrate. Additionally, desulfuration of cysteine and methi- 
onine yields ammonia, H,S, methyl mercaptan, and butyrate, 
which are capable of arresting fibroblast growth, thus pre- 
venting wound healing and aiding penetration of the gingival 
epithelium. 

Analysis of the draft genome sequence of Fusobacterium nucleatum 
subsp. vincentii (ATCC 49256), and comparison of this sequence 
to the genome ATCC 25586 sequence resolved that 441 ORFs 
have no orthologs in strain ATCC 25586. Of these, 118 ORFs 
have no known function and are unique, whereas 323 ORFs have 
functional orthologs in other organisms. Genes for eukary- 
otic serine/threonine kinase and phosphatase, transpeptidase 
E-transglycosylase Pbp1A were also identified among the ATCC 
49256-specific ORFs. Unique ABC transporters, cryptic phages, 
and three types of restriction-modification systems have been 
identified in ATCC 49256. ORFs for ethanolamine utilization, 
thermostable carboxypeptidase, glutamyl-transpeptidase, and 
deblocking aminopeptidases are absent from ATCC 49256. 
Both strains lack a catalase-peroxidase system, but possess thi- 
oredoxin/glutaredoxin enzymes. Genes for resistance to anti- 
biotics such as acriflavin, bacitracin, bleomycin, daunorubicin, 
florfenicol, and other general multidrug resistance are present 
(Kapatral et al., 2003) 
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The genome of Fusobacterium nucleatum subsp. polymorphum 
ATCC 10953 contains a chromosome of approximately 2.4 Mbp 
and a plasmid (pFN3) of 11.9 kbp, and there are 2361 proteins 
encoded in the genome. Plasmid pFN3 from the strain was 
also sequenced and analyzed. When compared to the other 
two available fusobacterial genomes (Fusobacterium nucleatum 
subsp. nucleatum and Fusobacterium nucleatum subsp. vincentii) 
627 ORFs unique to Fusobacterium nucleatum subsp. polymor- 
phum ATCC 10953 were identified. A large percentage of these 
mapped within one of 28 regions or islands containing five or 
more genes. Seventeen percent of the clustered proteins that 
demonstrated similarity were most similar to proteins from the 
clostridia, with others being most similar to proteins from other 
Gram-stain-positive organisms such as Bacillus and Streptococcus. 
A 10 kb region homologous to the Salmonella typhimurium 
propanediol utilization locus was identified, as was a prophage 
and integrated conjugal plasmid. The genome contains five 
composite ribozyme/transposons similar to the CdJS¢ IStrons 
described in Clostridium difficile. 

Additionally, three plasmids isolated from Fusobacterium 
nucleatum strains were sequenced. These are designated pFNI, 
pPA52, and pKH9 (Bachrach et al., 2004; Haake et al., 2000; 
McKay et al., 1995). 


Ecology. Fusobacteriumare normal inhabitants of the mucous 
membrane of humans and animals. The habitat of Fusobacte- 
rium nucleatum and Fusobacterium periodonticum is the human 
oral cavity; the gingival crevice is the niche of both. Strains are 
isolated from the oral microflora of adults and children and 
are also found in edentulous infants. The vagina is likely to be 
the primary endogenous site for Fusobacterium naviforme and 
Fusobacterium gonidiaformans (Hill, 1993). The habitat of Fusobac- 
terium mortiforum and Fusobacterium varium is the gastrointestinal 
tract, where they are present in small numbers. Fusobacterium 
necrogenes, which was originally isolated from a chicken abscess 
and from cecal contents of ducks, is very rarely isolated from 
humans. The habitat of Fusobacterium ulcerans, isolated from 
tropical ulcers, is unknown. 

Fusobacterium necrophorum is a normal inhabitant of the ali- 
mentary tract of cattle, horses, sheep, and pigs and is frequently 
isolated from cats and dogs. Reports, mainly from the first part 
of the twentieth century, indicate its presence in a range of wild 
animals including reptiles. However, the relatively frequent 
isolation of Fusobacterium necroforum from soft-tissue infections 
of the oral cavity and the upper respiratory tract compared to 
elsewhere in the body, suggest that these sites are the principal 
human habitat of this organism. 

Fusobacterium russit is normally found in the canine and feline 
oral flora (Love et al., 1987), but it has also been isolated from 
human feces. The oral cavity of horses and the stump-tailed 
macaque (Macaca arctoides) are the habitat of Fusobacterium equi- 
num and Fusobacterium simiae, respectively. Fusobacterium canife- 
linum was isolated from the microflora of infected cat and dog 
bite wounds in humans (Conrads et al., 2005). 


Maintenance procedures 


Fusobacteria are not particularly demanding with regard to a 
low oxidation-reduction potential. They are, however, killed 
fairly readily by exposure to oxygen. This is possibly due to their 
susceptibility to peroxides. Growth is best at 35-37°C and at a 
pH near 7. 
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All Fusobacterium species grow on blood agar based on 
proteose-peptone, tryptone, or trypticase. Good growth is usu- 
ally obtained in a rich semifluid medium such as brain heart 
medium supplemented with yeast extract. Batch cultivation is 
best performed in a fluid medium containing a reducing agent. 


Laboratory isolation and identification 


Fusobacterium species can be separated from other related taxa 
based on their phylogenetic relatedness and distinctive pheno- 
typic characteristics (Table 149). 

The isolation of fusobacteria from an aerobic infection 
requires proper collection of the specimen, the use of an anaer- 
obic transport vial, optimal anaerobiosis (an anaerobic chamber 
is not necessary), and a rich medium for optimal growth. 
Fastidious Anaerobe Agar Base (FAA, Lab M) supplemented 
with 5% sheep or horse blood is recommended for culture. 

The use of a selective medium is necessary for the enumeration 
of viable fusobacteria in specimens of normal flora. The addition 
of josamycin, vancomycin, and norfloxacin plus 5% defibrinated 
horse blood to FAA supports the growth of Fusobacterium species 
while completely inhibiting most other obligate anaerobes and 
facultative bacteria (Brazier et al., 1991). Rifampin blood agar 
(Sutter et al., 1971) is useful for the selective isolation of Fusobac- 
terium varium and Fusobacterium mortiferum. Diagnostic tables are 
convenient for the examination of bile resistance, production 
of alkaline phosphatase, and orthonitrophenol-D-p-galactopyra- 
noside (ONPG)-test. Commercially available kits based on the 
detection of preformed enzymes and designed for identification 
of anaerobes may be of help in supporting a suspected identity 
of a Fusobacterium isolate. 
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Surface colonies of Fusobacterium nucleatum are 1-2 mm in 
diameter after incubation for 2 d. They are white to yellow-gray 
in color, speckled, smooth or breadcrumb-like. The colonies 
are usually nonhemolytic. Cultures of Fusobacterium nucleatum 
produce an unpleasant, but not fetid, smell. After incubation 
for 2 d, colonies of animal isolates of Fusobacterium necrophorum 
produce a foul, putrid odor. Fluid or semifluid cultures are 
characterized by abundant production of gas, and colonies are 
about 2 mm in diameter, flat, circular with scalloped to erose 
edge, opaque, and white to gray (subsp. necrophorum); or 1 mm 
wide, circular with entire margins, gray, translucent, and with 
smooth surfaces (subsp. funduliforme) (Shinjo et al., 1991). 

The colonial morphology of Fusobacterium necrophorum iso- 
lated from human infections is similar to that of Fusobacterium 
necrophorum subsp. funduliforme. The colonies are small and 
have been described as creamy, opaque, smooth, umbonate or 
raised, and with entire edges (Hall et al., 1997). The colonial 
morphology of most other Fusobacterium species is similar to 
that of Fusobacterium necrophorum subsp. funduliforme. 

AII Fusobacterium species produce butyric acid. They are cata- 
lase and nitrate negative, sensitive to kanamycin (1000 ug disk) 
and colistin (10 ug disk), resistant to vancomycin (5 ug disk), 
and produce a rancid odor. 

Determination of the electrophoretic migration of glutamate 
dehydrogenase and 2-oxoglutarate reductase provides a rapid 
method for the identification of most Fusobacterium species 
(Gharbia and Shah, 1990). Identification based on gas-liquid 
chromatography of cellular fatty acids may be of value in ref- 
erence laboratories, provided a database is used as a basis for 
comparison. A DNA probe has been used successfully to detect 


TABLE 149. Characteristics differentiating Fusobacterium from genetically related taxa* 


Fusobacterium | Cetobacterium — Leptotrichia Sebaldella Sneathia Streptobacillus 
Reaction nucleatum ceti buccalis termitidis sanguinegens moniliformis 
Catalase - - - - - - 
Oxidase nd - nd nd - - 
Indole t t - - - - 
Arginine dihydroylase nd nd nd nd + + 
Nitrate to nitrite = v = = = - 
Esculin hydrolysis - = + nd + v 
Gelatinase _ _ _ _ nd - 
Starch hydrolysis nd = v = _ nd 
ONPG nd + nd nd nd _ 
Acid from: 
Arabinose nd nd _ _ _ _ 
Cellobiose _ nd + nd nd _ 
Fructose -w nd + + nd + 
Galactose nd nd d nd nd + 
Glucose -w nd F t t + 
Glycogen nd nd nd nd _ + 
Lactose _ nd + _ _ _ 
Maltose _ nd + + _ + 
Mannose _ nd + nd v + 
Mannitol _ nd _ + _ _ 
Starch _ nd d _ _ + 
Sucrose _ nd H + _ _ 
Trehalose - nd t t - - 
Xylose = nd = + nd = 


"Symbols: +, 90% or more strains are positive; —, 90% or more strains are negative; d, 11-89% of the strains are positive; ONPG, 
O-nitrophenyl-B-p-galactopyranoside; v, variable; w, weak; nd, no data. 
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Fusobacterium nucleatum directly in samples of subgingival plaque 
(Lippke etal., 1991), and checkerboard DNA-DNA hybridization 
has been used successfully to detect Fusobacterium nucleatum and 
subspecies in periodontal and endodontic infections (Socransky 
et al., 1998; Sunde et al., 2000). A PCR-detection of part of the 


major 40 kDa outer-membrane protein, the FomA porin of Fuso- 
bacterium nucleatum, is specific for Fusobacterium nucleatum when 
used under condition of high stringency (Bolstad and Jensen, 
1993). Sequencing of 16S rRNA from clinical isolates provides a 
discriminatory tool for separating all species (Figure 121). 


List of species of the genus Fusobacterium 


1. Fusobacterium nucleatum Knorr 1922, 17^ [Bacillus fusi- 
formis Veillon and Zuber 1898, 540 and other combina- 
tions using “Fusiformis” except the organism described as 
Fusobacterium fusiforme by Hoffman in the 7th edition of the 
Manual; Group I, Spaulding and Rettger 1937, 535; Group 
III (and probably Fusobacterium polymorphum) Baird-Parker 
1960, 458; not Fusobacterium plauti-vincentii Knorr 1922, 5.] 
nu.cle.a'tum. L. neut. adj. nucleatum having a kernel, 
intended to mean nucleated. 


Cells from glucose broth cultures are 0.4-0.7 x 3 um, 
have tapered to pointed ends, and often have central swell- 
ings and intracellular granules. Cell length is variable but is 
usually fairly uniform within actively growing cultures. Cells 
do not possess pili or flagella (Dahlen et al., 1978; Falkler 
and Hawley, 1977). Surface colonies on blood agar are 1-2 
mm in diameter, circular to slightly irregular, convex to 
pulvinate, translucent often with a "flecked" appearance, 
usually nonhemolytic (horse or rabbit blood), but may 
be slightly hemolytic under the area of confluent growth 
or may produce greenish discoloration of the blood agar 
upon exposure to oxygen. Glucose broth cultures have a 
flocculent or granular sediment with or without turbidity, 
a final pH of 5.6-6.2, and a foul “bad breath" odor. Pro- 
duces DNase (Porschen and Sonntag, 1974). No phos- 
phatase detected (Porschen and Sonntag, 1974). Most 
strains produce H,S. Capable of hemagglutinating human 
and animal erythrocytes. Contains the diamino acid lan- 
thionine in cell-wall peptidoglycan as a major component; 
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no lysine, diaminopimelic acid, or ornithine (Gharbia and 
Shah, 1990; Kato et al., 1979; Vasstrand, 1981). Heptose and 
KDO are present in the lipopolysaccharide (Hofstad, 1974). 
Grows in the presence of up to 6% oxygen; survives expo- 
sure to air for 100 min (Loesche, 1969). 

Strains are resistant to 3 ug/ml of erythromycin (broth 
disc test). Some Fusobacterium nucleatum isolates produce 
B-lactamase, an activity not reported for other Fusobacterium 
species. A penicillin-hydrolyzing f-lactamase inhibited by 
clavulanic acid has been isolated from Fusobacterium nuclea- 
tum (Turner et al., 1985). Fusobacterium nucleatum, similar to 
other species of the genus, are susceptible to amoxycillin/ 
clavulanate, carbapenems, chloramphenicol, quinolone 
clinafloxalin, linezolide, and nitroimidazoles (Goldstein 
et al., 1999). Resistance to cefoxitin and clindamycin is 
very low. Resistance to tetracyclines is common in Fusobacte- 
rium nucleatum since a high percentage of strains harbor a 
chromosomal tetM locus. Alternatively, a tetM determinant 
on a conjugal transposon (Roberts and Lansciardi, 1990) 
was also detected. Resistance to glycylglycines has not been 
observed (Downes et al., 1999). Fusobacterium nucleatum is 
sensitive to the bactericidal action of protegrins and other 
antibacterial peptides (Miyasaki et al., 1998). Other charac- 
teristics of the species are given in Table 148. 

DNA G+C content (mol % ): 26-28 (T). 

Type strain: ATCC 25586, CCUG 32989, CCUG 33059, 
CIP 101130, JCM 8532, LMG 13131. 

Sequence accession no. (16S rRNA gene): AJ133496. 


Further comments: Fusobacterium nucleatum is divided into 


Fusobacterium nucleatum (AF543300) 
Fusobacterium naviforme (AJ006965) 

* Fusobacterium canifelinum (AY 162220) 
`` Fusobacterium simiae (X55407) 
Fusobacterium peridonticum (AJ810271) 
Fusobacterium perfoetens (M58684) 
Fusobacterium russi (X55409) 
Fusobacterium necrophorum (AF044948) 
Fusobacterium equinum (EF447428) 
Fusobacterium gonidiaformans (X55410) 
Fusobacterium varium (AJ867036) 
Fusobacterium ulcerans (AJ867037) 
Fusobacterium mortiferum (AJ867033) 
Fusobacterium necrogenes (AJ867034) 


FIGURE 121. Unrooted neighbor-joining tree of the 16S rRNA gene sequences of Fusobacterium. GenBank accession numbers are given after 


species names. The numbers above branches are bootstrap percentages from 1000 resampled datasets. Bar = 0.1 difference per nucleotide. 
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FAMILY I. FUSOBACTERIACEAE 


five subspecies: Fusobacterium nucleatum subsp. nucleatum, 
subsp. animalis, subsp. fusiforme, subsp. polymorphum, and 
subsp. vincentii, described on the basis of electrophoretic 
patterns of whole-cell proteins and DNA homology (Dzink 
et al., 1990) and electrophoretic mobility of glutamate 
dehydrogenase and 2-oxoglutarate dehydrogenases and 
DNA homology (Gharbia and Shah, 1992). The five sub- 
species differed from each other and from other closely 
related species by comparisons of their 16S—23S internal 
transcribed spacer regions (Conrads et al., 2002). 


Fusobacterium nucleatum subsp. nucleatum (Knorr 1922) 
Dzink, Sheenan and Socransky 1990, 77‘? (Fusobacterium nu- 
cleatum Knorr 1922, 17) 


nu.cle.a'tum. L. neut. adj. nucleatum having a kernel, 
intended to mean nucleated. 


DNA G+C content (mol % ): 26-28 (T). 

Type strain: ATCC 25586, CCUG 32989, CCUG 33059, 
CIP 101130, JCM 8532, LMG 13131. 

Sequence accession no. (16S rRNA gene): AJ135496. 

Further information: the subspecies name Fusobacterium 
nucleatum subsp. nucleatum Knorr (1922) is automatically 
created by the valid publication of Fusobacterium nucleatum 
subsp. polymorphum (ex Knorr (1922) Dzink (1990), and the 
valid publication of Fusobacterium nucleatum subsp. vincentii 
(ex Knorr (1922) Dzink (1990) [Rule 40d (formerly Rule 46) ]. 


Fusobacterium nucleatum subsp. animalis Gharbia and 
Shah 1992, 297°" 


a.ni.ma'lis. L. n. animal, -alis an animal; L. gen. n. animalis 
of an animal. 


Type strain: ATCC 51191, CCUG 32879, CIP 104879, JCM 
11025, NCTC 12276. 
Sequence accession no. (16S rRNA gene): X55404. 


Fusobacterium nucleatum subsp. fusiforme (ex Veillon and 
Zuber 1898) Gharbia and Shah 1992, 297‘? (“Sphaerophorus 
fusiformis" Veillon and Zuber 1898; Sebald 1962) 


fu.si.for'me. L.n. fususa spindle; L. neut. suff. formein shape 
of; N.L. neut. adj. fusiforme spindle-shaped. 


Type strain: ATCC 51190, CCUG 32880, CIP 104878, DSM 
19508, JCM 11024, NCTC 11326. 
Sequence accession no. (16S rRNA gene): AM849219. 


Fusobacterium nucleatum subsp. polymorphum (Knorr 
1922) Dzink, Sheenan and Socransky 1990, 77° (“Fusobacte- 
rium polymorphum" Knorr 1922) 


po.ly.mor'phum. N.L. neut. adj. polymorphum (from Gr. adj. 
polumorphos -on) multiform, polymorphic. 


Type strain: ATCC 10953, CCUG 9126, DSM 20482, JCM 
12990, NCTC 10562. 
Sequence accession no. (16S rRNA gene): AF287812. 


Fusobacterium nucleatum subsp. vincentii (Knorr 1922) 
Dzink, Sheenan and Socransky 1990, 77°? (“Fusobacterium 
plauti-vincenti” Knorr 1922) 
vin.cen'.ti.i. N.L. masc. gen. n. vincentii of Vincent, referring 
to Henri Vincent who studied the organism originally isolated 
from Vincent's angina and necrotizing ulcerative gingivitis. 
Type strain: ATCC 49256, CCUG 37843, CIP 104988, DSM 
19507, JCM 11023. 


Sequence accession no. 


AM887529. 


(16S rRNA gene): AJ006964, 


. Fusobacterium canifelinum Conrads, Citron, Mutters, Jang 


and Goldstein 2004b, 1909” (Effective publication: Conrads, 
Citron, Mutters, Jang and Goldstein 2004a, 412.) 


ca. ni.felí num. L. gen. pl. n. canum of dogs; L. neut. adj. 
felinum of or belonging to a cat; N.L. neut. adj. canifelinum 
of dogs and cats. 


Strains grown on supplemented Brucella blood-agar 
for 2 d; colonies are convex, 1-2 mm in diameter with a 
slightly lobate margin, white, opaque with a granular inter- 
nal appearance. Cells are slender Gram-stain-negative rods 
with pointed ends. Glucose and fructose are fermented 
weakly with a terminal pH 5.7-6.0. End product analysis 
of PY-glucose by gas-liquid chromatography reveals acetic 
and butyric acids. Threonine, but not lactate, is converted 
to propionate. The isolates produce indole, fail to grow in 
bile, do not hydrolyze esculin, and do not produce acid 
from lactose, maltose, mannose, raffinose, and sucrose. On 
agar dilution sensitivity tests, all isolates tested were suscep- 
tible to penicillin G, and metronidazole. All strains were 
resistant (MIC >4 ug/ml) to levofloxacin, moxifloxacin, 
gemifloxacin, and other fluoroquinolones. Fusobacterium 
canifelinum can be distinguished phenotypically from other 
species of the genus Fusobacterium by the resistance to fluo- 
roquinolones. 

Source: a purulent dog-bite wound in a human patient. 

DNA G+C content (mol % ): 26-28 (T). 

Type strain: RMA 1036, ATCC BAA-689, CCUG 49733, 
DSM 15542. 

Sequence accession no. (16S rRNA gene): AY162221. 


. Fusobacterium equinum Dorsch, Love and Bailey 2001, 


1962% 
e.quin'um. L neut. adj. equinum of horses. 


On sheep-blood agar after 2 d, colonies are circular with 
an entire undulate margin, convex to umbonate, 1-2 mm 
in diameter, and creamish in color. Gram staining of single 
colonies on primary plates reveals pleomorphic Gram-stain- 
negative rods (coccobacilli to rods, with rounded ends, and 
curved rods often with irregular staining), but on subcul- 
ture, coccobacilli and short rods predominate. The termi- 
nal pH in glucose liquid medium ranges from pH 6.8-7.0. 
On GLC analysis, acetic, propionic, and butyric acids are 
produced and lactate and threonine are converted to pro- 
pionate. The isolates produce indole and grow in bile and 
are nonmotile and fail to hydrolyze esculin and starch. The 
isolates do not ferment esculin, fructose, glucose, lactose, 
maltose, mannose, starch, and sucrose. They do not hemag- 
glutinate chicken erythrocytes. They are lipase and leci- 
thinase positive. On broth disc sensitivity tests, all isolates 
are sensitive to penicillin G, amoxycillin, chloramphenicol, 
doxycycline, and metronidazole; all strains except VPB 4076 
and VPB 4014 are sensitive to erythromycin. 

Source: pus obtained from a discharged sinus associated 
with the pirulent para-oral lesion in a horse. 

DNA G+C content (mol % ): 29-31 (T). 

Type strain: JCM 11174, NCTC 13176, VPB 4027. 

Sequence accession no. (16S rRNA gene): AJ295750. 
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4. Fusobacterium gonidiaformans (Tunnicliff and Jackson 


1925) Moore and Holdeman 1970, 45^ [Bacillus gonidiafor- 
mans Tunnicliff and Jackson 1925, 430; Sphaerophorus gonidi- 
aformans (Tunnicliff and Jackson 1925) Prévot 1938, 299] 


go.ni.di.a.for'mans. Gr. n. gone offspring, seed; N.L. n. 
gonidium gonidium; N.L. pl. n. gonidia gonidia; L. part. 
adj. formans forming; N.L. part. adj. gonidiaformans gonidia 
forming. 

Cells from glucose broth cultures are pleomorphic and 
vacuolated, 0.4-0.7 x 0.7-3.0 um, often with degenerate 
filaments or long strands. The spheroid or gonidial forms 
implied by the name of this organism are seen most often 
in old cultures or in media that are not highly reduced. 
Surface colonies on horse blood agar plates are puncti- 
form to 1 mm in diameter, circular entire, low convex, 
translucent, and smooth. Glucose broth cultures are turbid 
with smooth sediment and a final pH of 5.6-6.2. Produces 
DNase (Porschen and Sonntag, 1974). No phosphatase is 
detected (Porschen and Spaulding, 1974). Hippurate is 
hydrolyzed. Other characteristics of the species are given 
in Table 148. 

Source: the intestinal and urogenital tracts of humans, 
various types of human infections and from a lamb with 
pneumonia. 

DNA G+C content (mol%): 33 (T.) (Gharbia and Shah, 
1990). 

Type strain: XTCC 25563, CCUG 16790. 

Sequence accession no. (16S rRNA gene): X55410. 


. Fusobacterium mortiferum (Harris 1901) Moore and 
Holdeman 1970, 45! [Bacillus mortiferus Harris 1901, 546; 
Sphaerophorus mortiferus (sic) (Harris 1901) Prévot 1938, 
299] 


mor.t'fer.um. L. neut. adj. mortiferum death-bringing, death- 
bearing. 

Cells from glucose broth cultures are 0.8-1.0 x 1.5-10 um 
occurring singly and in pairs and short chains. Cells stain 
irregularly and may be extremely pleomorphic. Surface 
colonies on horse blood agar are 1-2 mm in diameter, 
circular with entire, diffuse, or slightly scalloped edge; 
convex; translucent; smooth. Glucose broth cultures are 
uniformly turbid with smooth or semiviscous sediment. No 
superoxide dismutase is detected (Gregory et al., 1978). 
Lysine decarboxylase is not produced (Werner, 1974). 
Produces DNase and phosphatase (Porschen and Sonntag, 
1974; Porschen and Spaulding, 1974). Heptose and KDO 
are present in the lipopolysaccharide (Hofstad, 1974). 
Fusobacterium mortiferum is the only member of the genus 
Fusobacterium to have a mixture of mesolanthionine and 
diaminopimelic acids at an equimolar ration in its cell wall. 
Some strains are susceptible to cephalothin, cefazolin, 
cefoxitin, and lincomycin (Finegold, 1977). Resistant to 
3 ug/ml erythromycin; susceptible to 12 ug/ml chloram- 
phenicol, 2 U/ml penicillin G, and 6 ug/mltetracycline 
(broth disk method). 

Source: blood and various human clinical specimens, 
intestinal tract and feces; and one from irradiated mice. 

DNA G+C content (mol% ): 26-28 (T. ). 

Type strain: XTCC 25557, CCUG 14475. 

Sequence accession no. (16S rRNA gene): AJ867032. 


6. Fusobacterium naviforme (Jungano 1909) Moore and 


Holdeman 1970, 45^ [Bacillus naviformis Jungano 1909, 
123; Ristella naviformis ( Jungano 1909) Prévot 1938, 291] 


na.vi.for'me. L. n. navis ship; L. neut. suff. formein shape of; 
N.L. neut. adj. naviformein the shape of a ship. 


Cells from glucose broth cultures are 4-10 um that are 
often concave. Cells in old cultures have a beaded appear- 
ance. Surface colonies are punctiform to 2.0 mm in diameter, 
circular entire, low convex, gray-white, translucent with 
mottled appearance when viewed by obliquely transmitted 
light. Glucose broth cultures are lightly turbid with smooth 
to clumpy sediment and final pH of 5.5-6.4. Produces 
DNase (Porschen and Sonntag, 1974). No phosphatase is 
detected (Porschen and Spaulding, 1974). Heptose and 
KDO are present in the lipopolysaccharide (Hofstad, 1974). 
All strains produce indole from glucose-peptone medium 
(Gharbia and H.N. Shah, 1989) The cell walls contain 
mesolanthionine as the major diaminopimelic acid. Some 
strains are resistant to 3 ug/ml erythromycin. Susceptible 
to 12 ug/ml chloramphenicol, 1.6 ug/ml clindamycin, 
2 U/ml penicillin G, and 6 ug/ml tetracycline. 

Source: the large intestine of a laboratory rat. Other strains 
have been isolated from the human gingival sulcus, from 
various human clinical specimens, and the bovine rumen. 

DNA G+C content (mol96): 32-33 (T). 

Type strain: ATCC 25832, CCUG 50052, NCTC 13121. 

Sequence accession no. (16S rRNA gene): not available. 


. Fusobacterium necrogenes (Weinberg, Nativelle and Prévot 


1937) Moore and Holdeman 1970, 45^- [Bacillus necrogenes 
Weinberg, Nativelle and Prévot 1937, 681; Spherophorus 
necrogenes (sic) (Weinberg, Nativelle and Prévot 1937) Prévot 
1938, 298] 


ne.cro’ge.nes. Gr. n. necros the dead; N.L. suff. -genes (from 
Gr. v. gennaó to produce) producing; N.L. adj. necrogenes 
dead-producing, here necrosis-producing. 


This description is based on our study of the type and 
three phenotypically similar strains. Cells from 1-d-old glu- 
cose broth cultures are extremely pleomorphic with coc- 
coid cells about 0.3-0.8 um and thin filamentous forms 
0.2-0.8 um in diameter and up to 20 um in length. Cells 
in older cultures are somewhat more uniform, irregularly 
staining rods 0.7-0.8 x 1.5-4.0 um. Surface colonies on 
horse blood agar are minute to 0.5 mm in diameter, circu- 
lar, flat to low convex, entire, translucent, white, smooth, 
and shiny, and colonies are surrounded by zones of B-hemo- 
lysis. Glucose broth cultures are moderately turbid with pH 
of 5.7-6.0 Glutamine decarboxylase negative (Terada et al., 
1976). Heptose and KDO present in the lipopolysaccharide 
(Hofstad, 1974). 

Source: isolated by Kawamura (1926) from necrotic 
abscess of a chicken. Barnes strain EB/D/1/4a was isolated 
from cecal contents of a duck (Barnes and Impey, 1968). 
Other strains have been isolated from human feces. 

DNA G+C content (mol % ): 27-28 (T). 

Type strain: ATCC 25556, CCUG 4949, NCTC 10723. 

Sequence accession no. (16S rRNA gene): AJ867034. 


. Fusobacterium necrophorum (Flügge 1886) Moore and 


Holdeman 1969, 12^ [ Bacillus necrophorus Flugge 1886, 273; 
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Fusiformis necrophorus (Flàgge) Topley and Wilson 1929, 299; 
Sphaerophorus necrophorus (Fligge) Prévot 1938, 298] 


ne.cro'pho.rum. Gr. n. necros the dead; Gr. v. phoreó to bear; 
N.L. neut. adj. necrophorum dead producing, here necrosis 
producing. 


Cells in glucose broth cultures are 0.5-0.7 um in diameter 
with swellings up to 1.8 um. The ends of the cells may be 
round or tapered. Cell length ranges from coccoid bodies 
to filaments over 1.00 um. Filamentous forms with granular 
inclusions are more common in broth, while bacilli are more 
common in older cultures and growth on agar. Surface col- 
onies on blood agar are 1-2 mm in diameter; circular with 
scalloped to erose edges, convex to umbonate, often with 
bumpy, ridged, or uneven surface; translucent to opaque, 
often with mosaic internal structure when viewed by trans- 
mitted light. Most strains produce either a- or p-hemolysis 
on rabbit blood agar. In general, the B-hemolytic strains are 
lipase positive (on egg yolk agar), and the a-hemolytic or 
nonhemolytic strains are lipase negative. No lecithinase is 
produced. Glucose broth cultures have a smooth, floccu- 
lent, granular, or stringy sediment and usually are turbid. 
The final pH of fructose and glucose cultures is 5.6-6.3. 
A few strains produce a pH of 5.8-5.9 in maltose medium. 

Human rabbit and guinea pig red blood cells are agglu- 
tinated; bovine and ovine red blood cells are not (Simon, 
1975). Dextran is not hydrolyzed (Holbrook and McMillan., 
1977). No superoxide dismutase (Gregory et al., 1978) or 
lysine decarboxylase (Werner, 1974) is detected. Produce 
DNase (Porschen and Sonntag, 1974). No phosphatase is 
detected (Porschen and Spaulding, 1974). Heptose and 
KDO are present in the lipopolysaccharide (Hofstad, 1974). 

Source: the natural cavities of humans and other animals 
and from clinical specimens (necrotic lesions, abscesses, 
and blood) of humans and other animals particularly liver 
abscesses and foot rot of cattle. For a review of natural and 
experimental pathogenicity, see Prévot et al. (1967) and 
Langworth (1977). 

Source: bovine liver abscess; Fievez strain 2358. 

DNA G+C content (mol96): 31-34 (T. ) [chromatographic 
separation (Sebald, 1962) ]. 

Type strain: ATCC 25286, CCUG 9994, CIP 104559, 
JCM 3718, VPI 2891. 

Sequence accession no. (16S rRNA gene): AJ867039. 

Further comments: two subspecies have been described 
among isolates of Fusobacterium necrophorum. These corre- 
spond to Biovar A and B. 


Fusobacterium necrophorum subsp. necrophorum (Flugge 
1886) Shinjo, Fujisawa and Mitsuoka 1991, 396"" (Fusobacte- 
rium necrophorum Moore and Holdeman 1969, 12) 


ne.cro'pho.rum. Gr. n. necros the dead; Gr. v. phoreó to bear; 
N.L. neut.adj. necrophorum dead producing, here necrosis 
producing. 

Previously known as Fusobacterium necrophorum biovar A. 
The subspecies name Fusobacterium necrophorum subsp. necro- 
phorum (Flugge, 1886) Moore and Holdeman (1969) is 
automatically created by the valid publication of Fusobacte- 
rium necrophorum subsp. funduliforme (ex Hallé (1898) Shinjo 
et al. (1991) [Rule 40d (formerly Rule 46)] and was previ- 
ously known as biovar B. 
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Type strain: ATCC 25286, CCUG 9994, CIP 104559, JCM 
3718, VPI 2891. 
Sequence accession no. (16S rRNA gene): AJ867039. 


Fusobacterium necrophorum subsp. funduliforme (ex Hallé 
1898) Shinjo, Fujisawa and Mitsuoka 1991, 396%" (*Sphaero- 
phorus funduliformis” Hallé 1898) 
fun.du.li.for'me. L. n. fundulus sausage; L. neut. suff. forme 
in shape of; N.L. neut. adj. funduliforme sausage-shaped. 
Type strain: Fn524, ATCC 51357, CCUG 42162, CIP 
104859, DSM 19678, JCM 3724. 
Sequence accession no. (16S rRNA gene): AM905356. 


. Fusobacterium perfoetens (Tissier 1905) Moore and Holde- 


man 1978, 72^ [ Coccobacillus perfoetens Tissier 1905, 110; Ris- 
tella perfoetens (‘Tissier 1905) Prévot 1938, 291; Sphaerophorus 
perfoetens (Tissier, 1905) Sebald 1962, 149] 


perfoe'tens. L. prep. per very; L. part. adj. foetens stinking; 
N.L. part. adj. perfoetens very stinking. 


Description is from Prévot et al. (1967), Weinberg et al. 
(1937), van Assche and Wilssens (1977). Cells from glucose 
cultures are 0.6-0.8 x 0.8-1.0 um, oval, never elongated, 
occurring singly, in pairs, in chains of no more than three 
cells, or in masses. No flagella or capsule. Colonies in deep 
agar (2 d) are 1 mm in diameter and lenticular. Surface 
colonies on blood agar are 1-2 mm in diameter, circular 
with an entire edge, convex to raised, grayish white, translu- 
cent, smooth, and nonhemolytic on horse blood. Colonies 
of some strains are slightly umbonate with diffuse edges and 
a slightly mottled or granular appearance. 

Growth in glucose broth is rapid. Cultures are turbid with 
a fine to ropy sediment and a pH of 5.6. Gas and a fetid odor 
are produced. Galactose is weakly fermented (Van Assche and 
Wilssens, 1977). Growth is enhanced in media containing 
fructose, glucose, mannose, sucrose, and trehalose. The pH 
of cultures in these media ranges from 5.6 to 5.95. Produces 
CO, and NH,. Major amounts of lactic acid produced from 
PYG cultures (Van Assche and Wilssens, 1977) no lactic acid 
detected in PYG cultures of the type strain. 

Inhibited by 0.001% polymyxin. Resistant to 0.001% bril- 
liant green. Optimum temperature is 37°C; good growth 
occurs at 45°C, poor growth at 25-30^C. Survives up to 24 h 
of exposure to air. 

Source: isolated by Tissier in 1900 from an infant with diar- 
rhea and in 1905 from nursing infants. Strain CC] isolated 
in 1947 by Prévot from the cecum of a horse and studied 
by Sebald (1962) has been lost. Van Assche and Wilssens 
(1977) studied 6 isolates from the feces of a 2-week-old pig, 
one of which has been designated the neotype strain. 

DNA G+C content (mol?6): 28-30 (T ) (Sebald, 1962; Van 
Assche and Wilssens, 1977). 

Type strain: ATCC 29250. 

Sequence accession no. (16S rRNA gene): M58684. 


Fusobacterium peridonticum Slots, Potts and Mashimo 
1984, 270% (Effective publication: Slots, Potts and Mashimo 
1983, 963.) 


pe.ri.o'don.ti.cum. Gr. prep. pert around; Gr. n. odous, ontos 
tooth; L. neut. suff. -icwm suffix used with the sense of per- 
taining to; N.L. neutr. adj. periodonticum pertaining to perio- 
donte. 


11. 


12. 


GENUS |. FUSOBACTERIUM 


Description is from Slots et al. (1982). Obligately anaero- 
bic, nonmotile, nonsporeforming, Gram-stain-negative rod. 
Mean cell size on blood agar is 0.5-1.0 x 4.0-7.0 um, but 
filaments longer than 100 um are often present. Cells had 
pointed to slightly rounded ends and generally occurred 
singly or in pairs lying end to end. After anerobic incuba- 
tion for 2-3 d on blood agar, the colonies measured from 
2.0 to 3.0 mm in diameter, were circular, convex, entire or 
slightly scalloped at the edge, slightly rough, and granu- 
lar and opaque. Glucose broths were turbid, with floccu- 
lent or stringy sediment. Indole is produced, hydrogen 
sulfide formed from cysteine, litmus milk reduced, hip- 
purate hydrolyzed, and fructose, galactose, and glucose 
fermented. Growth is inhibited by 1 ug/ml chlorampheni- 
col, penicillin G, and tetracycline and was unaffected by 
5 pg/ml erthryomycin and vancomycin. Addition of 2% 
oxgall inhibited the growth. 

DNA G+C content (mol % ): 28 (T). 

Type strain: EK1-15, ATCC 33693, CCUG 14345, JOM 
12991. 

Sequence accession no. (16S rRNA gene): X55405. 


Fusobacterium russii (Hauduroy, Ehringer, Urbain, Guillot 
and Magrou 1937) Moore and Holdeman 1970, 45^. 
(Bacteroides russii Hauduroy, Ehringer, Urbain, Guillot and 
Magrou 1937, 73) 


rus'si.i. N.L. masc. gen. n. russi? of Russ, named after V. Russ, 
the bacteriologist who first cultured this organism. 


Cells in glucose broth are 1.5—4.0 um in length and may 
form thin filaments 10-15 um in length. Surface colonies 
on horse blood agar are 0.5-1 mm in diameter, circular, 
smooth, shiny, entire, convex, and translucent. The type 
strain is B-hemolytic on horse blood agar. Glucose-peptone 
broth cultures are turbid, often with stringy sediment and 
have a final pH of 5.9-6.1. Produces DNase and phosphatase 
(Porschen and Sonntag, 1974; Porschen and Spaulding, 
1974). Heptose and KDO are present in the lipopolysaccha- 
ride (Hofstad, 1974). The major dibasic amino acid is meso- 
lanthionine. Strains do not ferment any carbohydrates nor 
produce lactate threonine, but phosphatase activities were 
reported (Table 148). Susceptible to 12 ug/ml chloram- 
phenicol, 1.6 ug/ml clindamycin, and 2 U/ml penicillin G. 
Some strains are resistant to 6 ug/ml tetracycline. 

Source: isolated by Russ (1905) from perianal abscess. Also 
isolated from infections of cats, including actinomycosis of 
cats and from human and animal feces. 

DNA G+C content (mol96): 31 (T). 

Type strain: ATCC 25533. 

Sequence accession no. (16S rRNA gene): X55409. 


Fusobacterium simiae Slots and Potts 1982, 193’? 


sim'i.ae. L. fem. n. simia monkey; L. gen. n. simiae of the 
monkey. 


Cellular morphology resembles that of Fusobacterium 
nucleatum (q.v., species 1). Fructose and glucose are fer- 
mented (pH of 5.5-5.6). Twenty-seven other substrates 
tested are not fermented. Indole and lipase are produced; 
hippurate is hydrolyzed. Grows in media containing 2% 
oxgall. From glucose, butyrate is the major fermentation 
product; major amounts of acetate and small amounts or 
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propionate, lactate, and succinate also are produced. 
Neither hydrogen nor gas is detected. Lactate and threo- 
nine are converted to propionate. The type strain has 48% 
DNA homology with the type and one other strain of 
Fusobacterium nucleatum and 9% homology with the type 
strain of Fusobacterium necrophorum. 

Source: the mouth of the stump-tailed macaque (Macaca 
arctoides) . 

DNA G+C content (mol % ): 27-28 (T). 

Type strain: 7511 R2-13, ATCC 33568, CCUG 16798 (Slots 
and Potts 7511 R2-13). 

Sequence accession no. (16S rRNA gene): X55407. 


Fusobacterium ulcerans Adriaans and Shah 1988, 447°" 


ul'ce. rans. L. part. adj. ulcerans making sore, causing to 
ulcerate, referring to the source of isolation. 


Gram-stain-negative, nonsporeforming, obligately anaer- 
obic, rod-shaped 0.5-4.5 um long. Most strains consist of 
long cells with pointed ends. Surface colonies on anaerobic 
blood agar plates are 2-3 mm in diameter, circular, entire, 
domed to low convex, cream colored, and nonhemolytic. 
A second morphological type consists of rod-shaped orga- 
nisms that are 0.8-4.5 x 0.2 um and have a large round 
swelling (diameter 0.5 um) in the center of the cell. Surface 
colonies on blood agar plates are 1-2 mm in diameter, cir- 
cular, entire, and low convex. They are translucent or white 
in color, butyrous, and nonhemolytic. The optimal tempera- 
ture for growth is 37°C with colonies appearing in 36-48 h. 
Culture in brain heart infusion broth produce generalized 
turbidity after incubation for 3-4 d. 

Fermentation of peptone-yeast-glucose broth produces 
large amounts of butyric acid and small to moderate 
amounts of acetic, propionic, lactic, and succinic acids. All 
strains convert threonine to propionic acid. Both colonial 
types produce gas when grown in deep culture. No H,S is 
detected. Acid is produced from glucose, and some strains 
ferment glucose and mannose. No acid is produced from 
fructose, lactose, sucrose, maltose, arabinose, raffinose, or 
rhamnose. Indole, catalase, lecithinase, urease, lipase, and 
oxidase are not produced. Esculin and starch are not hydro- 
lyzed. Nitrate is reduced by all strains. 

All strains are susceptible to penicillin and phosphamycin 
and are resistant to rifampin. 

DNA G+C content (mol96): 29.2-29.5 (T). 

Type strain: ATCC 49185, CCUG 50053, NCTC 12111. 

Sequence accession no. (16S rRNA gene): AJ867037. 


Fusobacterium varium (Eggerth and Gagnon 1933) Moore 
and Holdeman 1969, 12^ [Bacteroides varius Eggerth and 
Gagnon 1933, 409; Sphaerophorus varius (Eggerth and 
Gagnon 1933) Prévot 1938, 299] 


va'ri.um. L. neut. adj. varium diverse, different, various. 


Cells from glucose broth cultures are pleomorphic, coc- 
coid and rod-shaped, and stain unevenly. Cells are 0.3-0.7 x 
0.7-2.0 um and occur singly and in pairs. Surface colonies 
on blood agar are punctiform to 1 mm in diameter, circu- 
lar with entire edges, flat to low convex, translucent, usu- 
ally with gray-white centers, and colorless edges. Glucose 
broth cultures are turbid with smooth sediment and a final 
pH of 5.3-5.7. Dextran is not hydrolyzed (Holbrook and 
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McMillan., 1977). Produces lysine decarboxylase (Werner, 
1974). Produces DNase (Porschen and Sonntag, 1974). 
No phosphate detected (Porschen and Spaulding, 1974). 
Heptose and KDO are present in the lipopolysaccharide 
(Hofstad, 1974). 

A temperate lysogenic bacteriophage is harbored by the 
reference ATCC 27725 which causes a lytic response in 
other strains of Fusobacterium varium including the reference 
strain ATCC 8501. The phage is activated by incubation at 


FAMILY I. FUSOBACTERIACEAE 


45*C and UV exposure (Gharbia, personal observation) 
Source: human feces, purulent infections of humans 
(upper respiratory tract, surgical wounds, peritonitis), 
cecal contents of mice, intestinal contents of Blatta orientalis 
(roach), posterior intestinal tract of Recticulitermes lucifugus 
(termite) and vaginal swab of chinchilla. 
DNA G+C content (mol96): 29 (T) (Sebald, 1962). 
Type strain: ATCC 8501, CCUG 4858, NCTC 10560. 
Sequence accession no. (16S rRNA gene): AJ867036. 


Genus Il. Cetobacterium Foster, Ross, Naylor, Collins, Ramos, Fernández-Garayzábal and Reid 1996, 362” 
(Effective publication: Foster, Ross, Naylor, Collins, Ramos, Fernández-Garayzábal and Reid 1995, 206.) 


Kirstin J. EDwARps, JuULiE M. J. LOGAN AND SaHEER E. GHARBIA 


Ce.to.bac.te'ri.um. Gr. n. kêtos whale; L. neut. n. bacterium a rod; N.L. neut. n. Cetobacterium a bacterium 


found in association with whales. 


Short pleomorphic, nonsporeforming, rod-shaped cells. 
Central swelling and filaments may be present. Gram-stain- 
negative. Nonmotile. Microaerotolerant. Catalase negative. 
Fermentative. Acetic acid is the major end product from pep- 
tones or carbohydrates; butyric, propionic, lactic, and succinic 
acids may or may not be formed in small amounts. Indole pro- 
duced and ONPG hydrolyzed. Alkaline phosphatase, and acid 
phosphatase positive. Produces small to moderate amounts of 
phosphohydrolase. May or may not produce æ- or B-galactosidase 
and a-glucosidase. Urease may or may not be produced. Leci- 
thinase and lipase negative. Gelatin is not hydrolyzed. Nitrate 
may or may not be reduced to nitrite. Resistant to 20% bile. 
Resistant to vancomycin. Sensitive to kanamycin and colistin 
sulfate discs. Susceptible to cefoxitin, clindamycin, imipenem, 
and metronidazole. Isolated from mammalian intestinal tract 
and oral cavity. 

DNA G+C content (mol % ): 29-31. 

Type species: Cetobacterium ceti Foster, Ross, Naylor, Collins, 
Ramos, Fernández-Garayzábal and Reid 1996, 362%” (Effective 
publication: Foster, Ross, Naylor, Collins, Ramos, Fernández- 
Garayzábal and Reid 1995, 206.). 


Further descriptive information 


Cetobacterium was first isolated from the intestinal contents of 
a porpoise and from a mouth lesion of a minke whale (Foster 


et al., 1995). Cetobacterium somerae has subsequently been iso- 
lated from human feces (Finegold et al., 2003a). Colonies 
are gray, waxy, circular with scalloped to erose edges, slightly- 
raised, smooth, dull, and opaque with a diameter of 2-4 mm. 
Weak hemolysis was observed with both sheep and horse 
blood. No growth was observed for Cetobacterium ceti following 
subculture in an atmosphere of 10% CO, or in air, whereas 
Cetobacterium somerae grows in 2% but not 6% oxygen (Finegold 
et al., 2003a). 


Differentiation of the genus Cetobacterium from other genera 


Cetobacteriwm. differs from Fusobacterium species in producing 
acetic and propionic acids, whereas members of the genus Fuso- 
bacterium produce butyric acid (Foster et al., 1995). Sequencing 
the 16S rRNA gene demonstrates the highest sequence simi- 
larities with Fusobacterium (91-94%) and 92% similarity with 
Propionigenium modestum. Significant sequence similarity was 
also observed with Leptotrichia and Sebedella (86%) (Foster et al., 
1995). A large amount of acetic acid with lesser amounts of pro- 
pionic, lactic, and succinic acids permits differentiation from 
Propionigenium modestum which does not ferment carbohydrates, 
but produces large amounts propionic and lesser amounts of 
acetic acid only from succinate and other substrates (Schink 
and Pfennig, 1982) A positive indole reaction allows further 
separation from Propionigenium modestum. 


List of species of the genus Cetobacterium 


1. Cetobacterium ceti Foster, Ross, Naylor, Collins, Ramos, 
Fernández-Garayzábal and Reid 1996, 362V" (Effective pub- 
lication: Foster, Ross, Naylor, Collins, Ramos, Fernández- 
Garayzábal and Reid 1995, 206.) 


ce.ti. L. gen. n. ceti of a whale. 


Description is from Foster et al. (1995). Surface colo- 
nies on blood agar are 2-4 mm in diameter after 48 h at 
37°C, gray, waxy, circular, with scalloped to erose edges, 
slightly raised, smooth, dull, opaque, and weakly hemolytic 
on sheep and horse blood. No growth at 25°C or 45°C. 
Catalase-negative. Indole, ONPG and phosphatase posi- 
tive. Lecithinase, lipase, DNase, nitrate, urea, esculin, gel- 
atin, and starch negative. Resistant to 20% bile. Resistant 


to vancomycin. Sensitive to colistin sulfate and kanamycin. 
Sensitivity to penicillin varies. The major volatile fatty acids 
produced are acetic, propionic, lactic, and succinic. Butyric 
acid is not produced. 

DNA G+C content (mol % ): 29 (T). 


Type strain: M-3333, ATCC 700028, NCIMB 703026. 
Sequence accession no. (16S rRNA gene): X78419. 


2. Cetobacterium somerae Finegold, Vaisanen, Molitoris, 
Tomzynski, Song, Liu, Collins and Lawson 2003b, 1219" 
(Effective publication: Finegold, Vaisanen, Molitoris, 
Tomzynski, Song, Liu, Collins and Lawson 2003a, 180.) 


so'me.rae. N.L. gen. fem. n. somerae of Somer, to honor 
Hannele Jousimies‘Somer, (a contemporary Finish 


GENUS III. ILYOBACTER 


microbiologist, in recognition of her important contribu- 
tions to anaerobic microbiology. 


Description is from Finegold et al. (2003a). Rod-shaped. 
Gram-stain-negative. Microaerotolerant. After 48 h incuba- 
tion anaerobically at 37°C on brucella blood agar, colonies are 
2—3 mm in diameter, smooth, circular, entire, and gray in color. 
Colonies do not fluoresce under UV light. Catalase negative. 
Indole positive after 48 h incubation. Acetic acid is the major 
end productin peptone yeast broth; smallamounts of propionic 
and butyric acids may be formed; a trace of succinic acid was 
produced by all strains. Nitrate is reduced to nitrite. Resistant 
to 20% ox bile. Esculin may or may not be hydrolyzed. Gelatin 
is not hydrolyzed. By traditional tests, ONPG is hydrolyzed, but 
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lecithinase, lipase, and B-lactamase are not produced. Urease 
may or may not be detected. Using the API ZYM system, a- and 
P-galactosidase and alkaline phosphatase are produced; phos- 
phohydrolase is produced in lesser amounts, and a-glucosidase 
may or may not be produced. Susceptible to kanamycin, colistin 
sulfate, cefoxitin, clindamycin, imipenem, and metronidazole. 
Resistant to ampicillin, penicillin G, ramoplanin, trimethoprim/ 
sulfamethoxazole, and vancomycin. Predominant long-chain 
cellular fatty acids are C, ,,, Ciso and C,,, 9c. 


Source: human fecal material. 

DNA G+C content (mol 96): 31 (HPLC). 

Type strain: WAL 14325, ATCC BAA-474, CCUG 46254. 
Sequence accession no. (16S rRNA gene): AJ438155. 


14:0? ~ 16:0 


Genus lll. Ilyobacter Stieb and Schink 1985, 375"? (Effective publication: Stieb and Schink 1984, 145.) 


BERNHARD SCHINK, PETER H. JANSSEN AND ANDREAS BRUNE 


I.ly.o.bac'ter. Gr. fem. n. ilys mud; N.L. masc. n. bacter rod; N.L. masc. n. /lyobacter a mud-inhabiting rod. 


Strictly anaerobic chemoorganotrophic bacteria with fermenta- 
tive metabolism, nonphotosynthetic, inorganic electron acceptors 
not used. Nonsporeforming. 

Chemoorganotrophic, fermentative type of metabolism. 
Media containing a reductant are necessary for growth. Catalase 
negative. Isolated from anoxic environments. 

DNA G+C content (mol % ): 31.7—36.7. 

Type species: Ilyobacter polytropus Stieb and Schink 1985, 
375.” (Effective publication: Stieb and Schink 1984, 145.). 


Further descriptive information 


The genus /lyobacter consists so far of four species, /lyobacter 
polytropus, Ilyobacter delafieldii, Ilyobacter insuetus, and Ilyobacter 
tartaricus. The genus was created to house Gram-stain-negative, 
obligately anaerobic, nonsporeforming bacteria that do not 
contain cytochromes and use unusual substrates for growth. 
Its members differ from those of most other genera of strictly 
anaerobic bacteria by their unusual patterns of substrate utili- 
zation and product formation. Fermentation products include 
acetate, butyrate, and (on some substrates) also formate and 
ethanol. Malate and fumarate are fermented to acetate, formate, 
and propionate. The DNA base ratio of /lyobacter species ranges 
from 32 to 36 mol% G+C, and so is clearly lower that that of any 
Bacteroides, Selenomonas, or Pelobacter species. With the exception 
of Ilyobacter delafieldii (see below), all Ilyobacter species are short 
to coccoid rods, often in pairs or short chains. 

Ilyobacter polytropus was enriched and isolated from marine sed- 
iment with 3-hydroxybutyrate, which was fermented to acetate 
and butyrate. Glycerol was fermented to 1,3-propanediol and 
3-hydroxypropionate. Acetate and formate were the only prod- 
ucts of pyruvate or citrate fermentation. Glucose and fructose 
were fermented to acetate, formate, and ethanol. Malate and 
fumarate were fermented to acetate, formate, and propionate. 

Ilyobacter tartaricus was enriched and isolated from marine 
sediment with r-tartrate as sole source of carbon and energy. 
Tartrate, citrate, pyruvate, and oxaloacetate are fermented to 
acetate, formate, and CO,. In addition, ethanol is formed from 
fructose and glucose. I 

Ilyobacter insuetus was isolated from marine sediment with 
quinic acid (1,3,4,5-tetrahydroxy-cyclohexane-1-carboxylic acid, 
sodium salt) as the sole source of carbon and energy. This 


bacterium is restricted to the fermentation of hydroaromatic 
substrates. Of more than 30 different substrates tested, only 
quinic acid and shikimic acid (3,4,5-trihydroxy-1-cyclohexene- 
l-carboxylic acid) are utilized. Neither sugars, alcohols, other 
carboxylic acids, amino acids, nor aromatic compounds are 
fermented. Thus, this species represents an extreme case of 
specialization in substrate utilization. 

Ilyobacter delafieldii (Janssen and Harfoot., 1991) was 
enriched and isolated from estuarine sediment with crotonate 
as substrate. It ferments crotonate, 3-hydroxybutyrate, lactate, 
pyruvate, and poly-B-hydroxybutyrate to acetate, propionate, 
butyrate, CO,, and H,. Poly-B-hydroxybutyrate is hydrolyzed 
outside the cell without cell contact, by a PHB depolymerase 
that is excreted into the growth medium (Janssen and Harfoot, 
1990). So far, this bacterium is unique in its capacity to degrade 
extracellular PHB anaerobically (Schink et al., 1992). 

The taxonomic status of /lyobacter delafieldii is unclear. Since it 
stains Gram-negative and resembles /lyobacter polytropus in many 
of its metabolic capacities, it was originally assigned to the genus 
Ilyobacter. However, sequence analysis of its 16S rRNA gene later 
revealed that it should be grouped within the genus Clostridium 
(Janssen, unpublished), even though spore formation could 
not be demonstrated (Janssen and Harfoot, 1990). The cell- 
wall architecture of Ilyobacter delafieldii strain 10cr1 (Janssen and 
Harfoot, 1990) is not typical of Gram-stain-negative bacteria but 
resembles that of a Gram-stain-positive bacterium with a com- 
plex cell-wall structure. For this reason, we do not include 
Ilyobacter delafieldii any further in this genus. 

Ilyobacter tartaricus has generated major interest because of 
its Na*-translocating ATP-synthase system. Tartrate and oxalo- 
acetate are metabolized via pyruvate; the oxaloacetate decar- 
boxylase is a Na*-translocating, membrane-bound enzyme. The 
Na*-gradient established this way is used for ATP-synthesis via a 
membrane-bound Na*-translocating ATP-synthase enzyme, and 
contributes to the overall energy balance of the cell. Together 
with a similar enzyme in Propionigenium modestum (Hilpert et al., 
1984), this Na*-ATPase has become one of the model systems 
to study the architecture of this type of F,F,-ATPases and espe- 
cially the linkage between Na*-ion transport and ATP synthesis 
(Neumann etal., 1998). The three-dimensional structure of this 
Na’‘-ATPase was recently resolved in detail (Meier et al., 2005). 
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The study of Na*-translocating ATPases has also contributed 
sigmificantly to a better understanding of proton transport in 
the more common Hr-translocating F,F-ATPases (Gemperli 
et al., 2003). 

It appears that anoxic marine sediments are the typical habi- 
tats of these bacteria. At least with Jlyobacter tartaricus, the energy 
metabolism is based on sodium ions as coupling ions in energy 
conservation. 


Enrichment and isolation procedures 


A strictly anoxic, sulfide-reduced mineral medium with 10 mM 
of either 3-hydroxybutyrate, shikimate, or L-tartrate as the sole 
organic carbon and energy source, and incubation at 27-30*C 
has proven to be highly selective for the enrichment of /lyobacter 
polytropus, Ilyobacter insuetus, or Ilyobacter tartaricus, respectively. 
The carbonate-buffered standard medium used for enrichment 
and isolation has been described in detail (Schink and Pfennig, 
1982; Widdel and Pfennig, 1981). 

After two to three transfers, the bacteria can be isolated in 
anoxic agar deep dilution series (Pfennig, 1978) or in roll tubes 
(Balch et al., 1979). Streaking on Petri dishes in an anoxic glove 
box has not yet been tried with these bacteria. 


Maintenance procedures 


Cultures are maintained either by repeated transfer at intervals 
of 2-3 months or by freezing in liquid nitrogen using techniques 
common for strictly anaerobic bacteria. 


FAMILY I. FUSOBACTERIACEAE 


Differentiation of the genus /lyobacter from other genera 


The three species remaining in the genus Jlyobacter differ from most 
other strictly anaerobic bacteria in their unusual patterns of sub- 
strate utilization and product formation and their low G+C content. 
With the exception of the genus Propionigenium, they are clearly sep- 
arated from all other genera by their 16S rRNA gene sequences. 

Comparative 16S rRNA gene sequence analysis places the 
members of the genera Propionigenium and Ilyobacter (with the 
exception of /lyobacter delafieldii) into the Fusobacteria phylum 
(Brune et al., 2002). Both genera form a distinct cluster, clearly 
separated from the Sebaldella-Streptobacillus-Leptotrichialineage and 
the Fusobacterium branch. While the 16S rRNA gene sequences 
did not allow resolving the branching order within the /lyobacter- 
Propionigenium cluster, the 238 rRNA gene sequences supported a 
monophyletic status at least for the genus /lyobacter (Brune et al., 
2002). Although the metabolic properties of Propionigenium and 
Ilyobacter species are sufficiently different to justify maintenance 
of two separate genera, the situation is unsatisfying and asks for 
a future taxonomic revision of this group. 


Further reading 


Dimroth, P., C. von Ballmoos and T. Meier. 2006. Catalytic and 
mechanical cycles in F-ATP synthases. Fourth in the Cycles 
Review Series. EMBO Rep. 7: 276-282. 

Brune, A. and B. Schink. 1992. Anaerobic degradation of 
hydroaromatic compounds by newly isolated fermenting bac- 
teria. Arch. Microbiol. 158: 320-327. 


List of species of the genus /lyobacter 


1. Ilyobacter polytropus Stieb and Schink 1985, 375%? (Effec- 
tive publication: Stieb and Schink 1984, 145.) 


po.ly'tro.pus. N.L. masc. adj. polytropus (from Gr. masc. adj. 
polytropos) turning many ways, versatile, referring to meta- 
bolic versatility. 


Rod-shaped cells, 0.7 x 1.5-3.0 um in size with rounded 
ends, single or in pairs. Nonmotile, Gram-stain-negative, 
nonsporeforming. 

Strictly anaerobic chemoorganotroph. 3-Hydroxybu- 
tyrate and crotonate fermented to acetate and butyrate. 
Glycerol fermented to 1,3-propanediol and 3-hydroxypro- 
pionate. Malate and fumarate fermented to acetate, for- 
mate, and propionate. Glucose and fructose fermented to 
acetate, formate, and ethanol. No other organic acids, sug- 
ars, or alcohols metabolized. Sulfate, sulfur, thiosulfate, and 
nitrate not reduced. Growth occurs in mineral media with a 
reductant. Indole not formed; gelatin and urea not hydro- 
lyzed. No catalase activity. No cytochromes detectable. 

Growth requires mineral media with a reductant and at 
least 1% sodium chloride. 

Selective enrichment in NaCl-containing mineral media 
with 3-hydroxybutyrate as substrate. 

pH Range: 6.5-8.5, optimum at 7.0-7.5. Temperature 
range: 10-35°C, optimum growth temperature 30°C. Habi- 
tats: anoxic marine or brackish water sediment. 

DNA G+C content (mol % ): 32.2 + 0.5 (T). 

Type strain: CuHbul, ATCC 51220, DSM 2926. 

Sequence accession no. (16S rRNA gene): AJ307981. 


2. Ilyobacter insuetus Brune, Evers, Kalm, Ludwig and Schink 
2002, 431%? 


in.su.e'tus. L. masc. part. adj. insuetus unusual, extraordi- 
nary, referring to the organism's metabolism. 


Rod-shaped to coccoid cells, 0.8-1.0 um in diameter and 
1.0-1.5 um long, with rounded ends. Nonmotile, Gram- 
stain-negative, nonsporeforming. 

Strictly anaerobic chemoorganotroph. Quinic acid 
and shikimic acid utilized for growth and fermented to 
acetate, propionate, butyrate, H,, and CO,. No growth 
with sugars (cellobiose, fructose, glucose, erythrose, lac- 
tose, ribose, xylose), alcohols (meso-erythritol, ethanol, 
glycerol, mannitol), carboxylic acids (citrate, crotonate, 
fumarate, glycolate, 2-hydroxybutyrate, 3-hydroxybu- 
tyrate, 4-hydroxybutyrate, lactate, malate, 2-oxobu- 
tyrate, pyruvate, sorbate, tartrate), amino acids (alanine, 
aspartate, glycine, threonine), or aromatic compounds 
(gallate, phloroglucinol, protocatechuate, resorcinol, 
3,4,5-trimethoxybenzoate, 3,4,5-trimethoxycinnamate). 
Sulfate, sulfur, thiosulfate, nitrate, and ferric iron not 
reduced. Strict anaerobe. No catalase activity; no super- 
oxide dismutase activity; no cytochromes. Growth requires 
mineral media with a reductant and at least 0.7% sodium 
chloride. 

Selective enrichment in NaCl-containing mineral 
media with quinic acid as the sole source of carbon and 
energy. 

pH Range: 6.0-9.0, optimum at 7.0-8.0. Temperature 
range: 15-40*C, optimum growth temperature 30°C. Habi- 
tats: anoxic marine sediment. 

DNA G+C content (mol 96): 35.7 € 1.0 (HPLC). 

Type strain: VenChi2, ATCC BAA-291, DSM 6831. 

Sequence accession no. (16S rRNA gene): AJ307980. 


GENUS IV. PROPIONIGENIUM 


3. Ilyobacter tartaricus Schink 1985, 375” (Effective publica- 
tion: Schink 1984, 413.) 


tar.ta’ri.cus. N.L. n. acidum tartaricum tartaric acid; N.L. 
masc. adj. tartaricus referring to tartaric acid as isolation 
substrate. 


Rod-shaped cells, 1.0-1.2 x 1.2-2.5 um in size, often in 
chains. Surrounded by slime capsules, nonmotile, Gram- 
stain-negative, nonsporeforming. 

Strictly anaerobic chemoorganotroph. Growth on r- 
tartrate, citrate, pyruvate, oxaloacetate, glucose, fructose, 
raffinose, glycerol. Fermentation products include acetate, 
formate, and ethanol. No growth on formate, acetate, 
lactate, methanol, ethanol, ethylene glycol, 2,3-butanediol, 
glycerate, malate, fumarate, glyoxylate, glycolate, mannose, 
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maltose, lactose, sucrose, cellobiose, sorbose, rhamnose, 
trehalose, xylose, arabinose, peptone, yeast extract. Sul- 
fate, sulfur, thiosulfate or nitrate not reduced. Indole not 
formed; gelatin and urea not hydrolyzed. No catalase activity, 
no cytochromes. 

Growth requires mineral media with a reductant and at 
least 1% sodium chloride. 

Selective enrichment from marine sediments with L- 
tartrate as sole carbon and energy source. 

pH Range: 5.5-8.0, optimum at 6.5-7.2. Temperature 
range: 10-40°C, optimum growth temperature 32°C. 
Habitats: anoxic marine sediment. 

DNA G+C content (mol96): 33.1 x 1.0 (T). 

Type strain: GraTa2, ATCC 35898, DSM 2382. 

Sequence accession no. (16S rRNA gene): AJ307982. 


Genus IV. Propionigenium Schink and Pfennig 1983, 896"? (Effective publication: Schink and Pfennig 1982, 215.) 


BERNHARD SCHINK AND PETER H. JANSSEN 


Pro.pi.o.ni.ge'ni.um. N.L. n. acidum propionicum propionic acid; L. v. genere to make, produce; N.L. neut. n. 


Propionigenium propionic acid maker. 


Strictly anaerobic chemoorganotrophic bacteria with fermen- 
tative metabolism, nonphotosynthetic, inorganic electron accep- 
tors not used. Nonsporeforming. 

Chemoorganotrophic, fermentative type of metabolism, 
preferentially using dicarboxylic acids as substrates. Media con- 
taining a reductant are necessary for growth. Catalase-negative. 
Isolated from anoxic marine or freshwater sediments. 

DNA G+C content (mol96): 32.9—41. 

Type species: Propionigenium modestum Schink and Pfennig 
1983, 896" (Effective publication: Schink and Pfennig 1982, 
215.). 


Further descriptive information 


The genus Propionigenium consists so far of two species, Propi- 
onigenium modestum and Propionigenium maris. Propionigenium 
modestum comprises four strains of physiologically and mor- 
phologically similar isolates from various sources (Schink and 
Pfennig, 1982). This genus was created to house strictly anaerobic 
bacteria that are able to grow by decarboxylation of succinate to 
propionate. Pure cultures could be obtained only with enrich- 
ment cultures from marine sources; freshwater enrichments 
grew much slower, and pure cultures were finally isolated 
when the sodium chloride concentration of the medium was 
increased to 100-150 mM. A further species, Propionigenium 
maris, was created later to comprise bacteria similar to Propioni- 
genium modestum but which are metabolically much more versa- 
tile and are able to ferment, carbohydrates, amino acids, and 
other organic acids in addition to C4 dicarboxylic acids ( Janssen 
and Liesack, 1995). 

Propionigenium modestum was originally isolated from a black, 
anoxic, marine sediment sample taken from the Canal Grande 
in Venice, Italy (Schink and Pfennig, 1982). Similar strains were 
isolated later from many other marine habitats. Enrichments 
from freshwater sediments sometimes produced cells of similar 
morphology to Propionigenium modestum, and these could be 
cultivated only in media with increased (100-150 mM) sodium 
chloride concentrations. Also, Propionigenium maris was isolated 
from marine sediments ( Janssen and Liesack, 1995). 


It has to be assumed that anoxic marine sediments are the 
typical habitats of these bacteria. Their energy metabolism is 
based on sodium ions as coupling ions in energy conservation. 
With this ability, they are well adapted to a marine environment. 
Several marine bacteria have been found to use sodium ions as 
energy couplers in various functions, e.g., respiration. 

Propionigenium marislike bacteria were isolated also from bur- 
rows of bromophenol-producing marine infauna, where they 
apparently are involved in reductive debromination of bromophe- 
nols (Watson et al., 2000). They probably use organic excretions 
of the infauna as electron donors for this reductive reaction. 


Enrichment and isolation procedures 


A strictly anoxic, sulfide-reduced mineral medium with 20 mM 
succinate as the sole organic carbon and energy source, and 
incubation at 27-30°C has proven to be highly selective for 
the enrichment of Propionigenium modestum if marine sediment 
samples of about 5-ml volume are used as the inoculum. The 
carbonate-buffered standard medium used for enrichment and 
isolation has been described in detail (Schink and Pfennig, 
1982; Widdel and Pfennig, 1981). 

After two to three transfers in liquid medium, gas should no 
longer be formed by the enrichment cultures, and a dominant 
population of short, coccoid rods should be established. These 
bacteria can be isolated in anoxic agar deep dilution series 
(Pfennig, 1978) or in roll tubes (Balch et al., 1979). Streaking 
Petri dishes in an anoxic glove box has not yet been tried with 
these bacteria. Preparation of pure cultures requires two subse- 
quent dilution series; purity should be checked after growth in 
selective mineral medium and in complex medium. 

Propionigenium maris requires yeast extract (0.1% w/v) for 
growth in pure culture. Although it is not recommended to add 
yeast extract in the liquid enrichment cultures, it is needed in 
the purification step. 


Maintenance procedures 


Cultures are maintained either by repeated transfer at intervals 
of 2-3 months or by freezing in liquid nitrogen using techniques 
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common for strictly anaerobic bacteria. No information exists 
about survival upon lyophilization. 


Differentiation of the genus Propionigenium 
from other genera 


In phase-contrast microscopy, cells of Propionigenium modestum 
appear as short, coccoid rods with a diameter of 0.5-0.6 um and 
a length of 0.5-2.0 um, often in short chains. They are Gram- 
stain-negative and nonsporeforming. Propionigenium maris also 
forms coccoid to ovoid cells or short rod-like cells similar in size 
to Propionigenium modestum. 

Both Propionigenium species are strictly anaerobic and do not 
tolerate increased oxygen tensions. They are specialists for the 
utilization of C4-dicarboxylic acids. Whereas Propionigenium 
modestum is restricted to use of only few such compounds, 


FAMILY I. FUSOBACTERIACEAE 


Propionigenium maris uses also other substrates such as sugars 
and amino acids, and depends on yeast extract as a medium 
additive. No cytochromes have been detected, which is consistent 
with the absence of electron transport phosphorylation. 

Early 16S rRNA gene sequence analyses revealed that Pro- 
pionigenium maris and  Propionigenium modestum are closely 
related and form a distinct lineage within a phylogenetically 
coherent group characterized by Fusobacterium nucleatum and 
other Fusobacterium species, together with Clostridium rectum, 
Leptotrichia buccalis, and Sebaldella termitidis (Both et al., 1991; 
Janssen and Liesack, 1995). This group has been elevated to 
the rank of phylum, Fusobacteria. In addition to Propionigenium, 
this phylum embraces the genera Fusobacterium, Ilyobacter, Lep- 
totrichia, Sebaldella, Streptobacillus, and Sneathia (Garrity et al., 
2002). 


List of species of the genus Propionigenium 


1. Propionigenium modestum Schink and Pfennig 1983, 896‘? 
(Effective publication: Schink and Pfennig 1982, 215.) 


mo.de'stum. L. neut. adj. modestum modest, referring to an 
extremely modest type of metabolism. 


Rod-shaped to coccoid cells, 0.5-0.6 in diameter x 
0.5-2.0 um long, with rounded ends, single, in pairs, or in 
chains. Nonmotile, Gram-stain-negative, nonsporeforming. 

Strictly anaerobic chemoorganotroph. Succinate, fumar- 
ate, malate, aspartate, oxaloacetate, and pyruvate utilized for 
growth and fermented to propionate (acetate), and CO,. No 
other organic acids and no sugars or alcohols metabolized. 
Sulfate, sulfur, thiosulfate, and nitrate not reduced. Indole not 
formed; gelatin and urea not hydrolyzed. No catalase activity. 

Growth requires mineral media with a reductant and at 
least 1% sodium chloride. Selective enrichment in NaCl- 
containing mineral media with succinate as substrate. 

pH range 6.5-8.4, optimum at 7.1-7.7. Temperature 
range 15-40*C, optimum 33°C. No cytochromes detectable. 
Habitats: anoxic marine or brackish water sediment. 

DNA G+C content (mol % ): 33.9 + 1.0 (T). 

Type strain: GraSucc2, ATCC 35614, DSM 2376. 

Sequence accession no. (16S rRNA gene): X54275. 


2. Propionigenium maris Janssen and Liesack 1996, 362°" emend. 
Watson, Matsui, Leaphart, Wiegel, Rainey and Lovell 2000, 
1040 (Effective publication: Janssen and Liesack 1995, 33.) 


ma'ris. L. neut. n. mare the sea; L. gen. n. maris of the sea, 
referring to the tidal mat flats from which this organism was 
isolated. 
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FAMILY Il. LEPTOTRICHIACEAE 


Family Il. Leptotrichiaceae fam. nov. 


JAMES T. STALEY AND WILLIAM B. WHITMAN 


Lep.to.tri.chi.a.ce’a.e. N.L. fem. n. Leptotrichia type genus of the family; suff. -aceae ending to denote 
a family; N.L. fem. pl. n. Leptotrichiaceae the Leptotrichia family. 


The family Leptotrichiaceae is described in part on the basis of 
phylogenetic analyses of the 16S rRNA gene sequences of its 
members. Facultative to obligately anaerobic organisms that 
stain as Gram-negative rods. All described species are nonmotile 
and fermentative. Ferment carbohydrates to produce various 
organic acids including lactic, acetic, formic or succinic 
depending on the substrate and species. Some species are 


fastidious and require serum or blood for growth. Some 
species have been isolated from human clinical specimens 
and are pathogenic to humans. Some species occur in the 
human oral cavity and others in the hindgut of termites. 
Comprises the genera Leptotrichia, Sneathia, Streptobacillus, 
and Sebaldella. 

Type genus: Leptotrichia Trevisan 1879, 138.1". 


Genus |. Leptotrichia Trevisan 1879, 138^- 


Kirstin J. EDWARDS AND SAHEER E. GHARBIA 


Lep.to.tri.chi'a. Gr. adj. leptos fine, small; Gr. fem. n. thrix, thricos hair; N.L. fem. n. Leptotrichia fine hair. 


Straight or slightly curved rods, 0.5-3.0 x 5-15 um, with 
one or both ends pointed or rounded. Frequently arranged 
in pairs, separate filaments, or chains, often with flattened 
ends. No club formation or branching. Nonmotile. Gram- 
stain-negative. Anaerobic on first isolation; many strains sub- 
sequently grow aerobically in the presence of CO,. Optimum 
temperature 35-37°C. Good growth occurs at pH 7.0-7.4. 
Chemoorganotrophic. Metabolize carbohydrates with for- 
mation of acid without gas. The major product of glucose 
fermentation is lactic acid. Acetic and succinic acids may 
be produced in trace amounts. Hydrogen sulfide and indole are 
not produced. Nitrate is not reduced. The primary habitat is 
the oral cavity of humans, though also found in the female 
periurethral region and present in the oral cavity of some 
animals. 

DNA G«C content (mol % ): 25-29.7. 

Type species: Leptotrichia buccalis (Robin 1853) Trevisan 1879, 
147^ (Leptothrix buccalis Robin 1853, 345). 


Further descriptive information 


Colonies of Leptotrichia grown anaerobically on blood agar 
or tryptone-yeast extract medium are distinctive. After 2-3 
d of incubation they are smooth, colorless, 2-3 mm in dia- 
meter, convex and with a convoluted surface. The colonies are 
sometimes raised with a filamentous edge, particularly after 
incubation for 24 h or less (Hamilton and Zahler, 1957; Kasai, 
1961). The colonies are nonhemolytic and nonadherent to 
the medium. Pleomorphism in colony morphology may be 
seen (Kasai, 1961). An anaerobic atmosphere with 5-10% CO, 
is essential for good growth of Leptotrichia on solid medium. 
Many strains become aerotolerant upon transfer. Leptotrichia 
is highly saccharolastic. Several mono- and disaccharides are 
fermented with the production of p- and r-lactic acid alone, 
or accompanied by trace amounts of acetic and succinic acids. 
CO, is not produced. A few strains hydrolyze starch within 
2-4 d. Pyruvate is fermented with production of CO, and 
acetic and formic acids ( Jackins and Barker, 1951). Within the 
Leptotrichia there is significant heterogeneity in enzymic/ 
biochemical reactions (Eribe et al., 2002) and in cellular fatty 
acid content (Eribe et al., 2002; Hofstad and Jantzen, 1982). 
Significant variation between Leptotrichia is also observed in 


SDS-PAGE profiles of whole-cell proteins and RAPD patterns 
of DNA (Eribe and Olsen, 2002). 

The primary habitat is the human oral cavity, where they are 
typically found in plaque (Eribe et al., 2004; Hofstad, 1984), 
but they have also been isolated from the normal flora of the 
periurethral region of healthy girls and the genitalia of women 
(Evaldson et al., 1980; Moore et al., 1976; Sóderberg et al., 
1979) and occasionally been recovered from blood, mainly 
in immunocompromised patients with neutropenia and from 
endocarditis (Eribe et al., 2004; Hammann et al., 1993; Mes- 
siaen et al., 1996; Patel et al., 1999; Reig et al., 1985; Tee et al., 
2001; Vernelen etal., 1996; Weinberger et al., 1991). Leptotrichia 
buccalisis normally considered to play a role in tooth decay and 
periodontal disease (Hofstad, 1984; Krywolap and Page, 1977) 
especially in immunocompromised patients. Though it is not 
solely dependent on tooth eruption since the organism has 
been isolated from the mouth of pre-dentate infants (McCa- 
rthy et al., 1965). It has also been isolated from animals which 
have been fed commercial pellets (Schwartz et al., 1995). 


Differentiation of the genus Leptotrichia from other genera 


The first full description of Leptotrichia buccalis described the 
organism as a Gram-negative bacterium related to Fusobacte- 
rium nucleatum (Boe and Thjotta, 1944; Thjótta et al., 1939). 
Hamilton and Zahler (1957), Gilmour etal. (1961), and Kasai 
(1965) concluded that Leptotrichia buccalis was a Gram-positive 
organism related to Lactobacillus. But an electron micros- 
copy study and the isolation of a potent endotoxin from the 
organism definitely established that the organism is a Gram- 
negative bacterium (Hofstad and Selvig, 1969). Its ability to 
produce lactic acid as the only major acid from glucose fer- 
mentation distinguishes it from other closely related genera 
such as Fusobacterium, and analysis of 16S rRNA sequences 
clearly distinguishes Leptotrichia from other related genera 
(Figure 122). Until 1995, there was only one species defined, 
Leptotrichia buccalis. The closely related species “Leptotrichia 
sanguinegens" (Hanff et al., 1995b), also known as “Leptotri- 
chia microbi? (Hanff et al., 1995a) was recently transferred 
to the genus Sneathia as Sneathia sanguinegens (Collins et al., 
2001). The recently defined species, Leptotrichia trevisanii 
(Tee etal., 2001), Leptotrichia goodfellowii, Leptotrichia hofstadii, 
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100.0 


98.1 


60.8 Leptotrichia shahii (AY029806) 


Leptotrichia wadei (AY029802) 


Leptotrichia trevisanii (AF206305) 


Leptotrichia hofstadii (AY029803) 


Leptotrichia buccalis (L37788) 


59.8 


Leptotrichia goodfellowii (AY029807) 


Sebaldella termitidis (M58678) 


J 99.2 


Streptobacillus moniliformis (Z35305) 


Sneathia sanguinegens (L37789) 


Fusobacterium nucleatum (AJ133496) 


FIGURE 122. Phylogenetic tree of full-length 16S rRNA gene sequences of the genus Leptotrichia and related species. GenBank accession numbers 
are given after species names. The tree was constructed using the neighbor-joining method, and the numbers at branching points are bootstrap 


percentages. 


Leptotrichia shahii, and Leptotrichia wadei (Eribe et al., 2004) 


have been added. The main characteristics of all species are 
described in Table 150. A further species has been described 


and named “Leptotrichia amnionii” (Shukla et al., 2002), how- 


ever, 16S rRNA sequencing suggests that “Leptotrichia amni- 
oni” would be better assigned to the genus Sneathia (Eribe 
et al., 2004), and a full description of the strain has not been 
validated. 


List of species of the genus Leptotrichia 


1. Leptotrichia buccalis (Robin 1853) Trevisan 1879, 147^- 


(Leptothrix buccalis Robin 1853, 345) 


buc.ca'lis. L. n. bucca the mouth; L. fem. suff. -alis suffix 
denoting pertaining to; N.L. fem. adj. buccalis buccal, per- 
taining to the mouth. 


Straight or slightly curved rods, 0.8-1.5 x 5-15 um, with 
one or both ends pointed or rounded. Frequently arranged 
in pairs, chains, or separate filaments. No club formation 
or branching. Nonmotile. Gram-stain-negative, often with 
Gram-stain-positive granules distributed evenly along the 
long axis. May be Gram-stain-positive in very young cul- 
tures. Anaerobic on first isolation; many strains subse- 
quently grow aerobically in the presence of CO,. Optimum 
growth temperature, 35-37*C; little or no growth occurs at 
25°C. Good growth occurs at pH 7.0-7.4. Chemoorgano- 
trophic. Metabolize carbohydrates with formation of acid 
without gas. The major product of glucose fermentation is 
lactic acid. Acetic and succinic acids may be produced in 
trace amounts. Catalase, hydrogen sulfide, and indole are 
not produced. Nitrate is not reduced. The main habitat is 
the oral cavity of humans, though also found in the female 
periurethral region, and can be present in the oral cavity 
of animals fed with commercial pellets. 

DNA G+C content (mol96): 25 (T). 

Type strain: ATCC 14201, CCUG 34316, CIP 105792, DSM 
1135, JCM 12969, NCTC 10249. 

Sequence accession no. (16S rRNA gene): L37788. 


. Leptotrichia goodfellowii Eribe, Paster, Caugant, Dewhirst, 
Stomberg, Lacy and Olsen 2004, 589%” 


good.fel'low.i.i. N.L. masc. gen. n. goodfellowii of Goodfellow, 
named in honor of Michael Goodfellow, for his contribu- 
tions to microbial systematics. 


The description is from Eribe et al. (2004). After 2-6 d of 
anaerobic incubation at 37°C, colonies on Columbia or BHI 
agar plates supplemented with 5% human blood, hemin, 
and menadione are 0.8-2.0 mm in diameter, speckled, convex, 
irregular, pink in the periphery, and grayish light brown in 
the rest of the colony. They have a glistening surface, are 
opaque, dry, and B-hemolytic. Catalase positive and esculin 
weakly positive. Oxidase and indole are not produced. Colo- 
nies grow best anaerobically and sparsely aerobically. Growth 
occurs at 37°C but not at 25 or 42°C; optimal temperature for 
growth is 37°C. Gram-stain-negative, nonsporeforming, non- 
motile rods. Cells are arranged in pairs, some slightly curved, 
others in chains joined by flattened ends. Arginine dihydro- 
lase, f-galactosidase, B -glucosidase, Macetyl-B-glucosamin- 
idase, alkaline phosphatase, arginine arylamidase, leucine 
arylamidase, and histidine arylamidase are produced. Man- 
nose is fermented. Isolated from human blood. 

DNA G+C content (mol 96): 25 (HPLC). 

Type strain: LB 57, CCUG 32286, CIP 107915. 

Sequence accession no. (16S rRNA gene): AY029807. 


. Leptotrichia hofstadii Eribe, Paster, Caugant, Dewhirst, 


Stomberg, Lacy and Olsen 2004, 589%” 


hof.stad'i.i. N.L. masc gen. n. hofstadii of Hofstad, named in 
honor of Tor Hofstad, for his contributions to Leptotrichia 
taxonomy. 
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TABLE 150. Characteristics differentiating species of the genus Leptotrichia* 


FAMILY Il. LEPTOTRICHIACEAE 


2 E S š 
R S š 8 E S 

Characteristic a - - - s - 
Growth at: 

25°C + = = Ps nt _ 

42°C + = 2 E nt = 

Hemolysis of human blood _ + + - nt + 
Production of: 

N-Acetyl-p-glucosaminidase - + - - 4 E 

Alkaline phosphatase t + + = + = 

a-Arabinosidase - = s - E 

Arginine arylamidase - 4 = B + - 

Arginine dihydrolase - + = = nt = 

a-Galactosidase 4 = = = - - 

p-Galactosidase = + = - = = 

B-Galactosidase-6-phosphate + - + _ nt = 

a-Glucosidase + - + s + $ 

B-Glucosidase + $ g = a: + 

Histidine arylamidase - + = = nt ú 

Leucine arylamidase B + = = _ _ 

Tyrosine arylamidase + - = = nt E 
Fermentation of: 

Mannose + - + = nt = 

Raffinose + - = ‘= nt - 
Saturated fatty acids: 

enm 10 14 6 9 nt 7 

Ciso 39 41 48 32 nt 45 
Unsaturated straight-chain fatty acids: 

C,,,011/19/16 or unknown with ECL of 17.834 42 28 27 36 nt 24 
Hydroxy fatty acids: 

C,,,. OH or C,,, DMA 7 9 9 5 nt 8 

Catalase = 4 + + £ + 

Esculin + + + + nt + 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive) ;-, 0-15% positive; w, weak reaction; nt, not tested; ECL, Equivalent chain- 


length; DMA, dimethyl acetal. 


The description is from Eribe et al. (2004). After 2-6 d of 
anaerobic incubation at 37°C, colonies on Columbia or BHI 
agar plates supplemented with 5% human blood, hemin, and 
menadione are 0.5-1.8 mm in diameter. They have a glisten- 
ing and granular surface, are opaque, dry, and B-hemolytic. 
Older colonies can be up to 4.0-6.5 mm, circular, convex, 
entire (some are irregular and lobate), and grayish in color 
with a dark central spot. Catalase positive and esculin weakly 
positive. Oxidase and indole are not produced. Colonies 
grow best anaerobically and sparsely aerobically. Growth 
occurs at 37°C but not at 25 or 42°C; optimal temperature 
is 37°C. Gram-stain-negative, nonsporeforming, nonmo- 
tile rods. Cells are arranged in pairs, some slightly curved, 
others in chains joined by flattened ends. B-Galactosidase- 
6-phosphate, o-glucosidase, B-glucosidase, and alkaline phos- 
phatase are produced. Mannose is fermented. 

Source: saliva of a healthy person. 

DNA G+C content (mol % ): 25 (HPLC). 

Type strain: LB 23, CCUG 47504, CIP 107917. 

Sequence accession no. (16S rRNA gene): AY029803. 


4. Leptotrichia shahii Eribe, Paster, Caugant, Dewhirst, Stom- 


berg, Lacy and Olsen 2004, 589V* 


sha'hi.i. N.L. masc. gen. n. shahii of Shah, named in honor 
of Haroun N. Shah, a Trinidad-born microbiologist, for his 
contributions to microbiology. 


The description is from Eribe et al. (2004). After 2-6 days of 
anaerobic incubation at 37°C, colonies on Columbia or BHI 
agar plates supplemented with 5% human blood, hemin, and 
menadione are 1.0-1.5 mm in diameter, very filamentous to 
rhizoid or convoluted, pale-speckled, and grayish in color, with 
a dark central spot in old colonies. These are opaque, semi-dry 
in consistency, and nonhemolytic. Catalase-positive and esculin 
weakly positive. Oxidase and indole are not produced. Colo- 
nies grow best anaerobically and sparsely aerobically. Growth 
occurs at 25 and 37°C but not at 42°C; optimal temperature 
is 37°C. Gram-stain-negative, nonsporeforming, nonmotile 
rods. Cells are arranged in pairs, some slightly curved, others 
in chains joined by flattened ends. o-Glucosidase and @-arab- 
inosidase are produced. 

Source: a patient with gingivitis. 

DNA G+C content (mol % ): 25 (HPLC). 


GENUS Il. SEBALDELLA 


Type strain: LB 37, CCUG 47503, CIP 107916, VPI N06A-34. 
Sequence accession no. (16S rRNA gene): AY029806. 


5. Leptotrichia trevisanii Tee, Midolo, Janssen, Kerr and Dyall- 
Smith 2002, 686" (Effective publication: Tee, Midolo, Janssen, 
Kerr and Dyall-Smith 2001,768.) 


tre.vi.sa'ni.i. N.L. masc. gen. n. trevisanii of V. Trevisan, who 
proposed the genus Leptotrichia in 1879. 


The description is from Tee et al. (2001).The organism 
is characterized by long, fusiform, nonmotile, Gram-stain- 
negative bacilli that are 0.8-0.9 x 6-13 um with tapered 
ends. Many cells are slightly curved. Cells are arranged in 
pairs and chains and, where they join, the ends are flat- 
tened. Isolates are nonsporeforming, catalase positive, 
indole negative, and oxidase negative. They are negative 
for urease, negative for hydrolysis of the p-NP-sugars a-p- 
arabinoside, o-b-galactoside, and a-L-fucoside, and are 
unable to hydrolyze O-NP-D-pb-galactoside. They are posi- 
tive for hydrolysis of pNP derivatives of a-p-glucoside, B-D- 
glucoside, Macetyl-B-p-glucosamine, and f-NP-phosphate. 
The organism is unable to hydrolyze the naphthylamide 
derivatives of leucyl-glycine, glycine, proline, serine, and 
pyrrollidone, but is able to hydrolyze arginine and phenyla- 
lanine derivatives. Leptotrichia trevisanii grows both anaero- 
bically and under 5% CO, (in air) on subsequent culture 
on solid media. It ferments glucose to produce lactic acid 
as the major organic end product. On horse blood agar 
plates, colonies appeared smooth, grayish in color, low con- 
vex, and erose edged; they showed a dark central spot with 
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transillumination and grew to about 2 mm diameter after 
5 d of incubation. Older colonies showed a slightly convo- 
luted surface. 

DNA G+C content (mol % ): 29.7 (HPLC). 

Type strain: “Wee Tee” 1999, ATCC 700907, DSM 22070. 

Sequence accession no. (16S rRNA gene): AF206305. 


6. Leptotrichia wadei Eribe, Paster, 
Stomberg, Lacy and Olsen 2004, 591°? 


wade'i. N.L. masc. gen. n. wadei of Wade, named in honor of 
William G. Wade, for his contributions to microbiology. 


The description is from Eribe et al. (2004). After 2-6 d of 
anaerobic incubation at 37°C, colonies on Columbia or BHI 
agar plates supplemented with 5% human blood, hemin, and 
menadione are 0.5-3.0 mm in diameter, convex, sparsely fila- 
mentous to irregular, and grayish brown in color, with a dark 
central spot in old colonies. The surface appearance is glis- 
tening and smooth with a rough edge. Colonies are opaque, 
dry in consistency, and f-hemolytic. Esculin and catalase are 
positive. Oxidase and indole are not produced. Growth occurs 
best anaerobically and sparsely aerobically at 37°C but not at 
25 or 42°C. Gram-stain-negative, nonsporeforming, nonmo- 
tile rods. Cells are arranged in pairs, some slightly curved, 
others in chains joined by flattened ends. o-Glucosidase and 
P-glucosidase are produced. 

Source: saliva of a healthy person. 

DNA G+C content (mol 96): 25 (HPLC). 

Type strain: LB 16, CCUG 47505, CIP 107918. 

Sequence accession no. (16S rRNA gene): AY029802. 


Caugant, Dewhirst, 


Genus Il. Sebaldella Collins and Shah 1986, 349"P 


SAHEER E. GHARBIA AND KIRSTIN J. EDWARDS 


Se.bal.del'la. N.L. dim. ending -ella; N.L. fem. dim. n. Sebaldella named after the French microbiologist 


Madeleine Sebald, who first described the organism. 


Rods. Nonsporeforming. Nonmotile. Gram-stain-negative. 
Anaerobic. Acid produced from glucose and some other sugars. 
The major end products of glucose fermentation are acetic and 
lactic acids; formic acid may also be produced. Hexose mono- 
phosphate shunt enzymes, glucose-6-phosphate dehydrogenase, 
and 6-phosphogluconate dehydrogenase are absent. Glutamate 
dehydrogenase and malate dehydrogenase are absent. Nonhy- 
droxylated and 3-hydroxylated long-chain fatty acids are pres- 
ent. The fatty acids are primarily of the straight-chain saturated 
and monounsaturated types. Menaquinones are absent. 

DNA G+C content (mol 96): 32-36. 

Type species: Sebaldella termitidis (Sebald 1962) Collins and 
Shah 1986, 349V* (Sphaerphorus siccus var. termitidis Sebald 1962, 
124; Bacteroides termitidis Holdeman and Moore 1970, 33). 


Enrichment and isolation procedures 


Surface colonies are 1-2 mm in diameter, circular, and trans- 
parent to opaque. Colonies in deep agar are lenticular and non- 
pigmented. 


Differentiation of the genus Sebaldella from other genera 


Sebaldella differs from Bacteroides fragilis and related species by 
exhibiting a lower G+C content (32-36 mol%), by producing 
acetic and lactic acids as major end products of glucose fermen- 
tation, and by the absence of glutamate and malate dehydroge- 
nases (Collins and Shah, 1986). Sebaldella also differs from the 
Bacteroides fragilis group in lipid composition. The long chain 
fatty acids of Bacteroides are predominantly of the straight-chain 
saturated, anteiso- and iso-methyl branched chain types, with 
monosaturated acids either absent or present in only trace 
amounts. In contrast, Sebaldella primarily synthesizes acids of the 
straight chain saturated and monosaturated types and methyl 
branched acids are absent (Miyagawa et al., 1979; Shah and Col- 
lins, 1983). Sebaldella and. Bacteroides also differ in isoprenoid 
quinone composition, with Bacteroides possessing menaquino- 
nes and Sebaldella lacking respiratory quinones (Collins and 
Jones, 1981; Shah and Collins, 1980). Based on 16S rRNA stud- 
ies, Sebaldella is phylogentically distinct from Bacteroides and all 
other described eubacterial phyla (Paster et al., 1985). 
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FAMILY Il. LEPTOTRICHIACEAE 


List of species of the genus Sebaldella 


1. Sebaldella termitidis (Sebald 1962) Collins and Shah 1986, 
349V* (Sphaerphorus siccus var. termitidis Sebald 1962, 124; 
Bacteroides termitidis Holdeman and Moore 1970, 33.) 


ter.mi'ti.dis. L. n. termes, -itis wood-eating worm; N.L. fem. 
adj. termitidis pertaining to the termite. 


The description is from Collins and Shah (1986). The 
Gram-stain-negative, obligately anaerobic, nonmotile, rod- 
shaped cells are 0.3-0.5 x 2-12 um with central swellings and 
occur singly, in pairs, and in filaments. Surface colonies are 
1-2 mm in diameter, circular, and transparent to opaque. 
Colonies in deep agar are lenticular and nonpigmented. 
Acetic and lactic acids are the major end products of glu- 
cose metabolism; formic acid may also be produced. Acid is 
produced from glucose, fructose, maltose, mannitol, man- 
nose, rhamnose, sucrose, trehalose, and xylose. Acid is not 
produced from arabinose, melazitose, or starch; low levels of 


acid may be produced from lactose (delayed reaction). Most 
strains produce H,S. Gelatin is not liquefied; coagulated pro- 
teins are not attacked. Urease, chitinase, and indole are not 
produced. Nitrate is not reduced. Uric acid is degraded to 
CO,, acetate, and ammonia. Malate dehydrogenase and glu- 
tamate dehdrogenase are not produced. 

Nonhydroxylated and 3-hydroxylated long-chain fatty 
acids are present. The fatty acids are of the straight-chain 
saturated and monounsaturated types, with hexadecanoic 
and octadecenoic acids predominating. Menaquinones are 
not produced. Isolated from posterior intestinal contents of 
termites, where these organisms are part of the predominant 
bacterial flora. 

DNA G+C content (mol96): 32-36 (Bd). 

Type strain: ATCC 33386, NCTC 11300. 

Sequence accession no. (16S rRNA gene): M58678. 


Genus III. Sneathia Collins, Hoyles, Törnqvist, von Essen and Falsen 2002, 687" (Effective publication: 
Collins, Hoyles, Tórnqvist, von Essen and Falsen 2001, 360.) 


JuLiE M.J. LocAN, Kirstin J. EDWARDS AND SAHEER E. GHARBIA 


Sneath'i.a. N.L. fem. n. Sneathia named after the British microbiologist Peter H.A. Sneath, in recognition of 


his outstanding contributions to microbial systematics. 


Gram-stain-negative, asporogenous, rod-shaped bacteria; non- 
motile. Cells may display pleomorphism and filaments may be 
observed. Anaerobic, although some strains may show poor 
growth in CO,. Fermentative metabolism. Acid but no gas is 
produced from glucose. Acid is not produced from ribose or 
maltose. Lactic acid, formic acid, and minor amounts of ace- 
tic acid are the end products of glucose metabolism; succinic 
acid may be produced. Fastidious; require serum or blood for 
growth. Optimum temperature for growth 35-37°C. Catalase 
and oxidase negative. Esculin and hippurate are hydrolyzed 
but starch is not. B-Glucuronidase is produced. Indole is not 
produced. Voges-Proskauer negative. Nitrate is not reduced to 
nitrite. 

DNA G+C content (mol % ): 22-25. 

Type species: Sneathia sanguinegens Collins, Hoyles, Tornqvist, 
von Essen and Falsen 2002, 687 (Effective publication: Collins, 
Hoyles, Tórnqvist, von Essen and Falsen 2001, 360.). 


Further descriptive information 


Originally, Hanff et al. (1995b) reported the isolation from 
blood cultures of an unusual Gram-stain-negative anaerobic 
rod-shaped organism from four obstetric patients with post- 
partum fever, two neonates, and a 100-year-old woman. This 
fastidious, serum-requiring bacterium was considered by Hanff 
et al. (1995b) to be a member of the genus Leptotrichia and was 


designated “Leptotrichia sanguinegens”. The species was, how- 
ever, not validly published, and no type strain was designated. 
In 2001, Collins et al. isolated three strains from amniotic fluid 
and blood from non-obstetric patients that resembled the bacte- 
rium described by Hanff et al. (1995b). However, based on both 
phenotypic and phylogenetic evidence, Collins et al. concluded 
that these isolates corresponded to “Leptotrichia sanguinegens” 
and proposed the new genus and species Sneathia sanguinegens. 


Differentiation of the genus Sneathia from other genera 


Sneathia sanguinegens can be readily identified in the clinical 
laboratory on the basis of its cellular morphology and fastidious 
growth requirements combined with its API Rapid ID32A and 
ZYM biochemical profiles. In particular, using these systems it 
can be readily distinguished from Streptobacillus moniliformis by 
its positive D-glucuronidase reaction and by failing to produce 
chymotrypsin and proline arylamidase. Similarly, Sneathia san- 
guinegens can be easily distinguished from Leptotrichia buccalis in 
requiring serum or blood for growth, by producing B-glucuroni- 
dase, and by its negative a-glucosidase and -glucosidase reac- 
tions. On the basis of 16S rDNA sequencing, Sneathia isolates 
demonstrated high sequence similarity of >99.8% and are dis- 
tinct from their closest named relatives such as Streptobacillus 
moniliformis, Sebaldella termiditis, and Leptotrichia buccalis (Collins 
et al., 2001). 


List of species of the genus Sneathia 


1. Sneathia sanguinegens Collins, Hoyles, Tórnqvist, von Essen 
and Falsen 2002, 687°" (Effective publication: Collins, Hoyles, 
Törnqvist, von Essen and Falsen 2001, 360.) 
san.gui.ne'gens. L. n. sanguis, -inis blood; L. part adj. egens 
needing; N.L part. adj sanguinegens needing blood; because 
the organism requires blood or serum. 


Description is from Collins et al. (2001). Gram-stain- 
negative anaerobic or facultatively anaerobic, nonspore- 
forming, nonmotile, rod-shaped cells. Colonies on 
chocolate or blood agar are pin-point and convex after 72 
h. Fastidious, requiring blood or serum for growth. Cata- 
lase and oxidase negative. Lactic acid, formic acid, and 


GENUS IV. STREPTOBACILLUS 


minor amounts of acetic acid are the end products of 
glucose metabolism; succinic acid may be produced. Acid 
but no gas is produced from glucose. Acid may or may not 
be produced from mannose and raffinose. Acid is not 
produced from  r-arabinose, p-arabitol, cyclodextrin, 
glycogen, lactose, mannitol, maltose, melebiose, melezi- 
tose, methyl-B-p-glucopyranoside, pullulan, p-ribose, sorbi- 
tol, sucrose, tagatose, or trehalose. Alkaline phosphatase, 
acid phosphatase, arginine arylamidase, phosphoamidase, 
and p-glucuronidase are detected. Arginine dihydrolase, 
alanine arylamidase, alanine phenylalanine proline arylam- 
idase, o-arabinosidase, chymotrypsin, cystine arylamidase, 
a-frucosidase, a-galactosidase, f-galactosidase, B-galactosi- 
dase-6-phosphate, o-glucosidase, B-glucosidase, glutamic 
acid decarboxylase, glycyl tryptophan  arylamidase, 
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pyroglutamic acid arylamidase, leucine glycin arylamidase, 
lipase C14, o-mannosidase, f-mannosidase, N-acetyl-B- 
glucosaminidase, proline arylamidase, trypsin, valine 
arylamidase, and urease are not detected. Activity may or 
may not be detected for ester lipase C8, esterase C4, glu- 
tamyl glutamic acid arylamidase, glycine arylamidase, histi- 
dine arylamidase, phenyl alanine arylamidase, leucine 
arylamidase, serine arylamidase, and tyrosine arylamidase. 
Indole-negative and Voges—Proskauer-negative. Esculin 
and hippurate are hydrolyzed but starch is not. Nitrate is 
not reduced to nitrite. Habitat is not known. 

Source: human clinical specimens (blood, amniotic fluid). 

DNA G+C content (mol % ): 22-25 (HPLC). 

Type strain: CCUG 41628, CIP 106906. 

Sequence accession no. (16S rRNA gene): AJ344093. 


Genus IV. Streptobacillus Levaditi, Nicolau and Poincloux 1925, 11884" 


SAHEER E. GHARBIA AND KIRSTIN J. EDWARDS 


Strep.to.ba.cil'lus. Gr.adj. streptos twisted, curved; L. masc. n. bacillus a small rod; N.L. masc. n. Streptoba- 


cillus a twisted or curved small rod. 


Rods with rounded or pointed ends. Occur singly or form 
long, wavy chains. Nonsporeforming. Nonmotile. Gram-stain- 
negative. Conversion to L-phase or transitional-phase variant 
may occur spontaneously during cultivation. Capable of growth 
anaerobically or aerobically. Ferments glucose to produce acid 
but not gas. Optimum temperature 35-37°C. Catalase and oxi- 
dase negative. Indole not produced. Nitrate not reduced to 
nitrite. Require serum, ascitic fluid, or blood for growth. Iso- 
lated from the throat and nasopharynx of wild and laboratory 
rats. Causes rat-bite fever in man. 

DNA G+C content (mol % ): 24-26. 

Type species: Streptobacillus moniliformis Levaditi, Nicolau 
and Poincloux 1925, 11882". 


Further descriptive information 


The sole species forms small (1-2 mm), smooth, convex, gray- 
ish, nonhemolytic colonies on 5% horse blood Columbia agar 
after 72 h of incubation in an atmosphere of carbon dioxide 
at an optimum temperature of 35-37°C. Direct examinations 
reveal pleomorphic, Gram-stain-negative filamentous rods with 
lateral bulbous swellings. In serum-supplemented liquid media, 
bacterial growth shows a typical cottonball like appearance. 
The organisms exist in two variant types, the “normal” bacillary 
form and the inducible or spontaneously occurring L-form that 
exhibits the typical “fried-egg” colony morphology (Wittler and 
Cary, 1974). The latter is regarded as an apathogenic Streptoba- 
cillus moniliformis variant (Freundt, 1956). Streptobacillus monili- 
formis can be distinguished from other biochemically related 
bacteria by its negative reactions for catalase, oxidase, indole 
production and reduction of nitrate to nitrite (Savage, 1984). 
Streptobacillus moniliformis is a pathogen for humans that was 
first isolated as a cause of rat-bite fever by Hugo Schottmüller 
in 1914. He named the organism Streptothrix muris ratti. Clinical 
pictures of the disease are similar despite two different modes 
of transmission. Oral uptake of Streptobacillus moniliformis via 
contaminated food leads to a disease known as Haverhill fever, 
named after the place (Haverhill, MA, USA) where the first 


well-documented epidemic was observed (Place and Sutton, 
1934). Affected individuals had consumed unpasteurized milk 
or milk products to which rats had access. In another well-doc- 
umented epidemic (Chelmsford, UK), boarding school pupils 
became infected after using water from a spring in the vicinity 
of which rats were observed (McEvoy et al., 1987). As in Haver- 
hill, Streptobacillus moniliformis was not isolated from captured 
rats. However, in both cases, epidemiological data suggested it 
was most probable that foodstuffs or water contaminated by rats 
were responsible for the epidemics. 

Rats are also the source of the second type of human strepto- 
bacillosis, the so-called rat-bite fever. (Another form of rat-bite 
fever called sodoku is caused by Spirillum minus which is not the 
subject of this review.) Streptobacillus moniliformis can be trans- 
mitted by rat bite, but recent reports suggest that not only the 
rat bite, but also simple contact with (pet) rats (Clausen, 1987; 
Rygg and Bruun, 1992), may result in rat-bite fever. The disease 
is characterized by an acute onset with chills, vomiting, malaise, 
headache, irregularly relapsing fever, erythematous rash (espe- 
cially of the extremities), and arthralgia. Untreated, it often 
leads to a severe septic polyarthritis and lymphadenopathy. If 
untreated, mortality is estimated to be about 13% (Roughgar- 
den, 1965; Simon and Wilson, 1986). Complications of strepto- 
bacillary rat-bite fever are endocarditis (Rey et al., 1987; Rupp, 
1992), pericarditis (Carbeck et al., 1967) brain abscess (Oeding 
and Pedersen, 1950), amnionitis (Faro et al., 1980), septice- 
mia (Brown and Nunemaker, 1942; Dellamonica et al., 1979; 
Renaut et al., 1982; Rygg and Bruun, 1992), interstitial pneu- 
monia, prostatitis, and pancreatitis (Delannoy et al., 1991). 

So far as is known, the rat is the natural reservoir of Strepto- 
bacillus moniliformis and therefore plays the dominant role in 
harboring and transmitting the infectious agent. Most prob- 
ably the microorganism is a member of the commensal flora 
of the upper respiratory tract. Hence, the main isolation sites 
in healthy rats are the nasopharynx (Strangeways, 1933), lar- 
ynx, upper trachea (Peagle et al., 1976), and the middle ear 
(Koopman et al., 1991). Although of only low pathogenicity for 
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the rat, Streptobacillus moniliformis may act as a secondary invader 
(Weisbroth, 1979) in conjunction with presumptive pathogens 
such as Pasteurella pneumotropica, Mycoplasma pulmonis causing 
otitis media (Olson and McCune, 1968; Wullenweber et al., 
1992), conjunctivitis (Young and Hill, 1974), bronchopneumo- 
nia (Bell and Elmes, 1969), and chronic pneumonia (Gay et al., 
1972). 


Taxonomic comments 


This organism has been given various names over the years. 
They are found in original research papers as well as in textbooks 
on pathogenic bacteria. The list of references is: Streptothrix 
muris ratti (Schottmüller, 1914), Nocardia muris (de Mello and 
Pais, 1918), Actinomyces muris ratti (Lieske, 1921; Schottmüller, 
1914), Haverhillia multiformis (Parker and Hudson, 1926), 
Actinomyces muris (de Mello and Pais, 1918; Topley and Wilson, 
1936), Asterococcus muris (de Mello and Pais, 1918; Heilman, 1941), 
Proactinomyces muris (de Mello and Pais, 1918; Krasil’nikov, 
1941), Haverhillia moniliformis (Levaditi et al., 1925; Prévot, 
1948), Actinobacillus muris (de Mello and Pais, 1918; Wilson and 
Miles, 1955). 


FAMILY Il. LEPTOTRICHIACEAE 


Differentiation of the genus Streptobacillus 
from other genera 


Streptobacillus can be differentiated from genera which are 
found in the same habitat, including Cardiobacterium, Actinoba- 
cillus, and Haemophilus, on the basis of its serum requirement, 
flocculent growth in broth, small butyrous colony on agar, char- 
acteristic microscopic appearance, absence of catalase and oxi- 
dase activity, and failure to reduce nitrate to nitrite or produce 
indole. Related genera will be positive for one or more of the 
catalase, oxidase, nitrate reduction or indole production char- 
acteristics while Streptobacillus is negative for all (Lapage, 1974; 
Midgley et al., 1970). 

Gas-liquid chromatography analysis of the fatty acid pattern 
shows palmitic, stearic, oleic, and linoleic acid as major compo- 
nents (Edwards and Finch, 1986). On the basis of numerical 
analysis of SDS-PAGE protein profiles, seven subgroups were 
identified among 31 Streptobacillus moniliformis cultures repre- 
senting 22 different strains of human, murine, and avian origin 
isolated in Europe, USA, and Australia. As these groups show a 
close similarity, it was concluded that Streptobacillus moniliformis 
is a very homologous species (Costas and Owen, 1987). 


List of species of the genus Streptobacillus 


1. Streptobacillus moniliformis Levaditi, Nicolau and Poin- 
cloux 1925, 1188^- 


mo.ni.li.for'mis. L. n. monile necklace; L. masc. suff. formis 
in the shape of; N.L. masc. adj. moniliformis necklace- 
shaped. 
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Phylum XX. Dictyoglomi phyl. nov. 
Buanar K. C. PATEL 


Dic'ty.o.glo'mi. N.L. n. Dictyoglomus type genus of the type order of the phylum; -i ending to 
denote phylum; N.L. neut. pl. n. Dictyoglomi the phylum of the order Dictyoglomales. 


The phylum is currently represented by a single class, order, cells that form spherical balls known as rotund bodies. Mem- 
family, and genus. The phylum forms a deep line of descent bers produce a range of thermostable enzymes of significance 
with its related phyla Thermomicrobia and Deinococcus-Thermus to the biotechnology industries. 

(Figure 123). Gram-stain-negative, strictly anaerobic, thermo- Type order: Dictyoglomales ord. nov. 

philic, and chemoorganotrophic rod-shaped to filamentous 
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FIGURE 123. Phylogenetic position of phylum Dictyoglomi. The scale bar represents 10 changes per 100 nucleotides. 
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Class |. Dictyoglomia class. nov. 


BHARAT K. C. PATEL 


Dic.ty.o.glo’mi.a. N.L. n. Dictyoglomus type genus of the type order of the class; suff. -ia 
ending proposed by Gibbons and Murray and by Stackebrandt et al. to denote a class; N.L. 
neut. pl. n. Dictyoglomia the class of the order Dictyoglomales. 


Slender (thin) rod to filamentous cells, 5—30 x 0.35—0.45 um, occur- 
ring singly or in pairs. Spherical balls of cells, known as rotund 
bodies, are commonly observed. Stain Gram-negative, and cell 
walls possess an outer and an inner cell wall layer. Spores are not 
formed; cells are nonmotile and no flagella have been observed. 


Thermophilic. Neutrophilic. Chemoorganotrophic, strict anaer- 
obe, ferments glucose. The principal fermentation end products 
are acetate, lactate, ethanol, CO,, and H,. Occur in natural ther- 
mal hot springs and man-made thermal environments. 

Type order: Dictyoglomales ord. nov. 


Order |. Dictyoglomales ord. nov. 


BHARAT K. C. PATEL 


Dic'ty.o.glo.ma'les. N.L. neut. n. Dictyoglomustype genus of the order; -ales ending to denote 
an order; N.L. fem. pl. n. Dictyoglomales the order of Dictyoglomus. 


Only one order, Dictyoglomales, currently exists, therefore the 
description of the order is the same as the class Dictyoglomi. 

Type genus: Dictyoglomus Saiki, Kobayashi, Kawagoe and 
Beppu 1985, 253%", 


Reference 


Saiki, T., Y. Kobayashi, K. Kawagoe and T. Beppu. 1985. Dictyoglomus 
thermophilum gen. nov., sp. nov., a chemoorganotrophic, anaerobic, 
thermophilic bacterium. Int. J. Syst. Bacteriol. 35: 253-259. 


Family |. Dictyoglomaceae fam. nov. 


BHARAT K. C. PATEL 


Dic'ty.o.glo.ma'ce.ae. N.L. neut. n. Dictyoglomus type genus of the family; -aceae ending to denote a 
family; N.L. fem. pl. n. Dictyoglomaceae the family of Dictyoglomus. 


Only one family, Dictyoglomaceae, is accepted in the order 
Dictyoglomales. The description of the family is the same as for the 
class. Only one genus is accepted in the family Dictyoglomaceae. 


Type genus: Dictyoglomus Saiki, Kobayashi, Kawagoe and 
Beppu 1985, 256"*. 


Genus |. Dictyoglomus Saiki, Kobayashi, Kawagoe and Beppu 1985, 256"? 


Buarat K. C. Pate 


Dic'ty.o.glo'mus. Gr. n. dictyon net; L. neut. n. glomus ball; N.L. neut. n. Dictyoglomus net ball. 


Slender rod to filamentous cells (5-30 x 0.35-0.45 um), which 
occur singly or in pairs. Nonsporeforming and nonmotile; no 
flagella have been observed. Stain Gram-negative, and cell walls 
possess outer and an inner cell wall layers. Spherical balls of 
cells, termed rotund bodies, formed due to either cell aggrega- 
tion or by cell division, are commonly observed. The walls of 
the cells in the rotund bodies are portioned with the rotund 
bodies acquiring the outer wall layer with the cells attached to 
the inner wall layer. Thermophilic, neutrophilic, chemoorgan- 
otrophs which are strict anaerobes. Ferment carbohydrates to 
acetate, lactate, ethanol, CO,, and H,. Occur in natural thermal 
hot springs and man-made thermal environments (Table 151). 

DNA G+C content (mol96): 29-34. 

Type species: Dictyoglomus thermophilum Saiki, Kobayashi, 
Kawagoe and Beppu 1985, 256%. 


Further descriptive information 


Dictyoglomus species can easily be identified as they all form thin 
filaments and rotund bodies (Figure 124) similar to that observed 
for Thermus species. Only three out of 95 positive enrichment 
cultures initiated from 370 volcanic hot spring samples yielded 
Dictyoglomus isolates (Patel et al., 1987). None was isolated from 
the 300 positive enrichment cultures initiated from non-volcanic 
geothermal waters of the Great Artesian Basin of Australia (Patel, 
unpublished results), suggesting that, unlike other thermoanaer- 
obes, Dictyoglomus species are restricted in nature. 

Members of Dictyoglomus have so far been isolated only from 
natural and man-made thermal habitats. To date, two species 
(Dictyoglomus thermophilum H-6-12" (Saiki et al., 1985) and Dictyo- 
glomus turgidum Z-1310") (Svetlichnii and Svetlichnaya, 1988), 
both of which have been isolated from volcanic hot springs, 
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TABLE 151. Characteristics differentiating members of the genus Dictyoglomus* 


Characteristics D. thermophiilum strain H-6-12' D. turgidum strain Z-1310" Dictyoglomus strain Rt46-B1 Dictyoglomus strain B1 
References Saiki et al. (1985) Svetlichnii and Svetlichnaya Patel et al. (1987) Mathrani and Ahring 
(1988) (1991) 
Habitat Hot spring, Kumamoto Hot spring, Kamchatka, Hot spring, Kuirau Park, Pulp mill cooling tower, 
Prefecture, Japan Russia New Zealand Kirkniemi, Finland 


Cell morphology and size Rods to filaments 


Rods to filaments 


Rods to filaments Rods to filaments 


(um) (5-20 x 0.4—0.6) (10-30 x 0.3-0.4) (5-25 x 0.35-0.45) (up to 5-20 x 0.3) 
Size of rotund bodies 15-100 15-100 3-20 5-25 
(um) 
DNA G+C content 29 32.5 29.5 34 
(mol%) 
Temperature range 51-80 (73-78) 48-86 (72) 40-82 (70) >50-<80 (72) 
for growth (°C) 
(optimum) 
pH range for growth 5.4-8.9 (7.0) 5.2-9.0 (7.0-7.1) 6.0-8.5 (7.5) 5.0-9.0 (7.2) 
(optimum) 
Generation time (min) 258 240 462 300 
Substrates utilized: 
Arabinose + + + nd 
Carboxymethylcellulose nd + nd nd 
Casein hydrolysate nd + nd nd 
Cellobiose + + + nd 
Cellulose _ nd nd nd 
Fructose + nd nd nd 
Fucose + nd nd nd 
Galactose + + + nd 
Glucose + + + nd 
Glycerol - nd nd nd 
Glycogen nd nd nd nd 
Inositol - nd nd nd 
Lactose + + + nd 
Maltose + + + nd 
Mannitol _ nd nd nd 
Mannose + + + nd 
Pectin + nd nd nd 
Pyruvate = nd nd nd 
Raffinose + nd nd nd 
Rhamnose _ nd nd nd 
Sorbitol _ nd nd nd 
Starch + + + nd 
Sucrose + + + nd 
Xylose + nd nd nd 
Enzymes produced: 
Amylase + + + nd 
Cellulase _ _ _ nd 
Xylanase + + + + 
End-products from Acetate, H,, lactate, CO, Acetate, H,, lactate, ethanol Acetate, H,, lactate, ethanol Acetate, H,, 
carbohydrates (from starch) (from glucose) (from glucose) (from beech xylan) 


Resistance to vancomycin = 
(100 ug/ml) 


nd nd a 


“Symbols: +, >85% positive; —, 0-15% positive; w, weak reaction; nd, not determined. 


have been validly published. Several other strains have also been 
described. These include Dictyoglomus strains Z-1311 to Z-1317 
and Dictyoglomus strain Rt46-B1 (formerly named Fervidothrix), 
Rt8N2, and Tos-80-la-d. All of these were isolated from volca- 
nic hot springs (pH ranging from 2.8 to 9.0 and temperatures 
ranging from 55 to 90°C) from Japan, Italy, and Russia (Patel 
et al., 1986, 1987; Plant et al., 1987; Svetlichnii and Svetlich- 
naya, 1988). Dictyoglomus strain B1 was isolated from a man- 
made pulp mill cooling tower which had a temperature range 


of 70-80°C and a pH range of 5.5-6.5 (Mathrani and Ahring, 
1991, 1992). 

With the exception of Dictyoglomus strain B isolated from 
a cooling tower of a pulp mill, all other Dictyoglomus isolates 
are reported to be nutritionally versatile and use a wide range 
of carbohydrates. However, all strains studied to date are slow 
growers with a generation time reported to vary between 260 
and 600 min depending on the substrate used. A variety of 
extracellular enzymes have been identified for their potential in 
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FIGURE 124. Large spherical rotund bodies of Dictyoglomus thermophi- 
lum (strain H-6-12"). (top) Phase-contrast microphotograph; bar = 10 
um. (bottom) Thin section of cells showing that they are connected by 
the outer cell wall layer to form the rotund bodies; bar = 0.5 um. 


biotechnology. A number of reports have shown that xylanases 
from Dictyoglomus strains have the potential to pretreat wood 
pulp in paper manufacturing processing and achieve compa- 
rable levels of whiteness with much less bleach (Kenealy and 
Jeffries, 2003; Morris et al., 1998; Ratto et al., 1994). This has 
led to marked improvements in methods for the production 
of xylanases, both by conventional culture methods (Adamsen 
et al., 1995) and by gene recombinant techniques (Gibbs et al., 
1995; Te’o et al., 2000). 

The structure of a xylanase has also been elucidated (Sunna 
and Bergquist, 2003) and metagenomic approaches have been 
used to clone and study Dictyoglomus-like xylanase genes directly 
from natural volcanic thermal samples. Amylases from Dictyglo- 
mus are reported to have a high degree of homology to amy- 
lases from a number of hyperthermophilic members of domain 
Archaea. This has stimulated an interest in the origin, evolution, 
and functioning of amylolytic enzymes in thermophilic and 
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hyperthermophilic microbes (Fukusumi et al., 1988; Horin- 
ouchi et al., 1988; Janecek, 1998; Jeon et al., 1997; Kobayashi 
et al., 1988). Studies on other enzymes such as mannases (Gibbs 
et al., 1999) and phosphofructokinase (Ding et al., 1999, 2000) 
have also been reported. Nielsen et al. (2007) provided evidence 
that the bioaugmentation of xylanase-producing Dictyoglomus 
species and cellulase/xylanase-producing Caldicellusiruptor spe- 
cies in cattle manure, led to a 93% increase in methane pro- 
duction. Their physiological processes in pure and/or mixed 
cultures are not well understood but if this significant gap in 
our knowledge were to be bridged, then we may be able to sig- 
nificantly improve the microbial energy-yielding processes. At 
the time of writing, the genomes of Dictyoglomus thermophilum 
and Caldicellulosiruptor saccharolyticus are being sequenced, and 
it will be interesting to await the analysis of the data in a bid to 
unravel the mysteries of their metabolic pathways. 


Enrichment and isolation procedures 


Members of the genus Dictyoglomus can be enriched and isolated 
on complex anaerobic media containing yeast extract and/or 
peptones and a variety of fermentable polysaccharides. All media 
are prepared and dispensed anaerobically using Hungate tech- 
niques in an atmosphere of 100% nitrogen. Dictyoglomus thermo- 
philum are grown in a medium containing per liter (pH 7.2): 1.5 g 
KH,PO,, 4.2 g NaHPO,-12H,O, 0.5 g NH,CI, 0.38 g MgCl,-6H,O, 
0.05 g CaCl,, 0.039 g Fe(NH,),(SO,),-6H,O, 1.0 g Na,CO,, 2.0 mg 
resazurin, 1.0 g L-cysteine. HCl, 10.0 ml Trace Metal Solution 
(from a x100 stock containing per liter 290.0 mg CoCl,.6H,O, 
240.0 mg Na,MoO ,:2H,O, 17.0 mg Na,SeO,, 200.0 mg MnCl, 
4H,O, 280.0 mg ZnSO,-7H,O), 2.0 g yeast extract, and 2.0 g 
peptone) and 10.0 ml filtersterilized Wolfe's vitamin solution 
(from a x100 stock solution containing 2.0 mg biotin, 2.0 mg folic 
acid, 10.0 mg pyridoxine hydrochloride, 5.0 mg thiamine HCl, 
5.0 mg riboflavin, 5.0 mg nicotinic acid, 5.0 mg calcium D-(+)- 
pantothenate, 0.1 mg vitamin B12, 5.0 mg paminobenzoic acid, 
and 5.0 mg thioctic acid), added aseptically to the sterile medium 
with soluble starch (5 g/l) as the fermentable substrate. 

Dictyoglomus turgidum and. Dictyoglomus strain B are cultured 
on a complex medium containing xylan as the fermentable 
substrate, whereas Dictyoglomus strain Rt46-B1 and a number of 
other volcanic hot spring isolates are enriched on the complex 
medium Trypticase Yeast Extract Medium (TYE). TYEG con- 
tains glucose as the fermentable substrate (Patel et al., 1985a, 
b). Enrichments are usually initiated by adding sediment and/ 
or water samples into anaerobic medium followed by incuba- 
tion for up to 7 d at temperatures 70-80°C. In general, the use 
of glucose should be avoided if the enrichments are to be incu- 
bated for more than a few days at temperatures higher than 
70°C as furfurals, a toxic by-product are produced under these 
conditions. Polysaccharides such as xylan and starch are prefer- 
able, as they do not form furfurals. 


Maintenance procedures 


Dictyoglomus strains grown in Trypticase Yeast Extract Starch 
(TYES) or Trypticase Yeast Extract Glucose (TYEG) Medium 
remain viable for at least up to 3 months on the bench at room 
temperature and can be successfully subcultured. For long-term 
storage, mid-exponential-phase grown cultures are preserved in 
a 50:50 glycerol: TYEG medium to which 0.1 ml of iron sulfide 
(Brock and Od’ea, 1977) is added, and cultures are stored at 
-20 or -80°C. 
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Differentiation of the genus Dictyoglomus 
from other genera 


Though members of Dictyoglomus are thermophilic (optimum 
growth temperature >70°C), strictly anaerobic, carbohydrate- 
fermenting bacteria, they can be differentiated from all other 
thermoanaerobes due to their unique slender filamentous- 
shaped cells and their phylogenetic position in the tree of 
life. Dictyoglomus strains possess a number of phenotypic traits, 
such as the production of rotund bodies, that are in common 
with certain members of the order Thermotogales and Thermales. 
Members of Dictyoglomus and of the order Thermotogales can be 
readily differentiated from Thermales as the former contains 
large amounts of C,, and C,, fatty acids whereas the latter con- 
tain C, iso and C, iso in their cell envelope phospholipid fatty 
acids (Patel et al., 1991). There are numerous phenotypic fea- 
tures which differentiate members of the Thermotogales order 
and Dictyoglomus species, e.g., the presence of terminal spher- 
oids or blebs (ballooning of the ends of the cell) in members 
of the order Thermotogales but not in Dictyoglomus species. Mor- 
phologically, members of Dictyoglomus species are slender fila- 
mentous cells. Additionally, members of Thermotogales appear to 
be restricted to volcanic springs and oilfields with low salinity, 
but this is not the case with Dictyoglomus species. Furthermore, 
Dictyoglomus strains are slow growers (e.g., 4.3-10 h generation 
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times in batch cultures in a complex glucose medium), but 
members of the order Thermotogales are fast growers (1.5 h gen- 
eration time in the same medium). 


Taxonomic comments 


Early 16S rRNA gene based phylogeny placed Dictyoglomus ther- 
mophilum H-6-12* and Dictyoglomus strain Rt46-B1 as a deep line 
of descent in the vicinity of the phylum Thermotogales (Love 
et al., 1993). The high concentrations of saturated phospho- 
lipid fatty acids in the cell membranes is another trait that 
is shared between members of Dictyoglomus and the phylum 
Thermotogales (Patel et al., 1991). However, the phylogenetic 
relationship was not confidently predicted by bootstrap analy- 
sis, and the inclusion of different sequences changed the tree 
topology suggesting that the placement of members of Dictyglo- 
mus as a deep line of descent was tenuous. The re-evaluation 
of the phylogeny, based on the selection of new sequences that 
have been added to the 16S rRNA database, suggests that the 
members of Dictyoglomus do form a separate line of descent, 
but that it is closer to the members of the phylum Firmicutes 
(Figure 1). 
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List of species of the genus Dictyoglomus 


1. Dictyoglomus thermophilum Saiki, Kobayashi, Kawagoe and 
Beppu 1985, 256°" 
ther.mo'phil.um Gr. n. thermé heat; N.L. neut. adj. philum 
(from Gr. neut. adj. philon) loving; N.L. neut. adj. thermophi- 
lum heat-loving. 

Rods to filaments measuring 5-20 x 0.4—0.6 um that occur 
singly, in pairs, and in bundles. Several to several dozen 
cells form large spherical bodies (50-100 um in diameter) 
known as rotund bodies (Figure 124). Stain Gram-negative. 
Nonsporeforming, the cells are nonmotile, and flagella 
are not observed. Pigment is not formed. Strict fermenta- 
tive anaerobe which grows optimally at 73°C (temperature 
growth range of >45 and <80°C) and a pH of 7 (pH range 
of >5.4 and <8.9). Amygdalin, arabinose, cellobiose, fruc- 
tose, fucose, galactose, glucose, lactose, maltose, raffinose, 
xylose, mannose, melezitose, melibiose, pectin, starch, 
ribose, sucrose, trehalose, and insoluble potato starch can 
be utilized but not rhamnose, glycerol, inositol, mannitol, 
sorbitol, pyruvate, cellulose, xylitol, insoluble corn, and 
wheat starch. Acetate, lactate, H,, and CO, are produced 
from insoluble potato starch fermentation. Tests for methyl 
red, indole production, and nitrate reduction are nega- 
tive. Voges-Proskauer test is positive. Catalase is produced. 
Growth is inhibited by antibacterial agents such as strepto- 
mycin, tetracycline, neomycin, and tunicamycin at 10 ug/ 
ml, and chloramphenicol, vancomycin, and actinomycin D 
at 100 ug/ml. Lysozyme (78 ug/ml) and sodium dodecyl sul- 
fate (1%) independently do not lyse the cells, but lysozyme 
sensitizes cells to subsequent lysis by sodium dodecyl sulfate 
(0.1%). 

Source: slightly alkaline hot springs (Tsuetate Hot Spring) 
in Kumamoto Prefecture, Japan. 


DNA G+C content (mol % ): 29 (T). 
Type strain: H-6-12, ATCC 35947, DSM 3960. 
Sequence accession no. (16S rRNA gene): X69194. 


2. Dictyoglomus turgidum corrig. Svetlichnii and Svetlichnaya 
1995, 879." (Effective publication: Svetlichnii and Svetlich- 
naya 1988, 369.) 


tur'gi.dum L. neut. adj. turgidum swollen, inflated, because 
the cells form spherical aggregates. 


Rods to filaments measuring 10-30 x 0.3-0.4 um which 
occur singly, in pairs, and in bundles. Several to several dozen 
cells form large spherical bodies (50-100 um in diameter) 
known as rotund bodies. Stain Gram-negative. Nonspore- 
forming; the cells are nonmotile and flagella are not observed. 
Pigment is not formed. Strict fermentative anaerobe which 
grows optimally at 72°C (temperature growth range of 
48-86°C) and a pH of 7 (pH range of 5.2-9.0). Cellobiose, 
fructose, glucose, lactose, maltose, raffinose, sucrose, rham- 
nose, inositol, mannitol, sorbitol, pyruvate, starch, pectin, 
glycogen, microcrystalline cellulose, carboxymethylcellulose, 
lignin, humic acids, yeast extract, peptone, casein hydro- 
lysate, and Casmino acids are fermented, but not rabinose, 
galactose, xylose, mannose, and glycerol. Ethanol, acetate, 
H,, and CO, are produced as end products of fermentation. 
Growth is inhibited by antibacterial agents such as 100 ug/ml 
streptomycin, 50 ug/ml chloramphenicol and penicillin, but 
it is resistant to 100 ug/ml vancomycin and rifampin. 

Source: hot springs of Uzon volcano crater, Kamchatka, 
Russia. 

DNA G«C content (mol % ): 32.5 (T. ). 

Type strain: Z-1310, DSM 6724. 

Sequence accession no. (16S rRNA gene): not determined. 
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Phylum XXI. Gemmatimonadetes Zhang, 
Sekiguchi, Hanada, Hugenholtz, Kim, Kamagata 
and Nakamura 2003, 1161vVP 


YOICH] KAMAGATA 


Gem.ma.ti.mo.na.de'tes. N.L. fem. pl. n. Gemmatimonadales type order of the phylum; N.L. fem. 
pl. n. Gemmatimonadetes the phylum of the order Gemmatimonadales. 


The phylum Gemmatimonadetes is defined on a phylogenetic basis 
by comparative 16S rRNA gene sequence analysis of one isolated 
strain and uncultured representatives from multiple terrestrial 
and aquatic habitats. Heterotrophic Gram-stain-negative bacte- 
ria lacking diaminopimelic acid (DAP) in their cell envelopes. 
Type order: Gemmatimonadales Zhang, Sekiguchi, Hanada, 
Hugenholtz, Kim, Kamagata and Nakamura 2003, 1161. 


Reference 


Zhang, H., Y. Sekiguchi, S. Hanada, P. Hugenholtz, H. Kim, 
Y. Kamagata and K. Nakamura. 2003. Gemmatimonas aurantiaca 
gen. nov., sp. nov., a Gram-negative, aerobic, polyphosphate- 
accumulating micro-organism, the first cultured representa- 
tive of the new bacterial phylum Gemmatimonadetes phyl. nov. 
Int. J. Syst. Evol. Microbiol. 55: 1155-1163. 


Class l. Gemmatimonadetes Zhang, Sekiguchi, Hanada, Hugenholtz, Kim, Kamagata 
and Nakamura 2003, 1161" 
YOICH!| KAMAGATA 


Gem.ma.ti.mo.na.de’tes. N.L. fem. pl. n. Gemmatimonadales type order of the class; N.L. 
fem. pl. n. Gemmatimonadetes the class of the order Gemmatimonadales. 


The description is the same as for the phylum Gemmatimon- 
adetes. 

Type order: Gemmatimonadales Zhang, Sekiguchi, Hanada, 
Hugenholtz, Kim, Kamagata and Nakamura 2003, 1161". 


Reference 


Zhang, H., Y. Sekiguchi, S. Hanada, P. Hugenholtz, H. Kim, 
Y. Kamagata and K. Nakamura. 2003. Gemmatimonas aurantiaca 
gen. nov, sp. nov, a Gram-negative, aerobic, polyphosphate- 
accumulating micro-organism, the first cultured representative 
of the new bacterial phylum Gemmatimonadetes phyl. nov. Int. J. 
Syst. Evol. Microbiol. 53: 1155-1163. 


Order |. Gemmatimonadales Zhang, Sekiguchi, Hanada, Hugenholtz, Kim, Kamagata 
and Nakamura 2003, 1161"* 


YoicHi KAMAGATA 


Gem.ma.ti.mo.na.da'les. N.L. fem. n. Gemmatimonas type genus of the order; -ales ending to 
denote an order; N.L. fem. pl. n. Gemmatimonadales the order of the genus Gemmatimonas. 


The description is the same as for the phylum Gemmatimonadetes. 
Type genus: Gemmatimonas Zhang, Sekiguchi, Hanada, 
Hugenholtz, Kim, Kamagata and Nakamura 2003, 1161". 


Reference 


Zhang, H., Y. Sekiguchi, S. Hanada, P. Hugenholtz, H. Kim, Y. 
Kamagata and K. Nakamura. 2008. Gemmatimonas aurantiaca 


gen. nov., sp. nov., a Gram-negative, aerobic, polyphosphate- 
accumulating micro-organism, the first cultured representa- 
tive of the new bacterial phylum Gemmatimonadetes phyl. nov. 
Int. J. Syst. Evol. Microbiol. 53: 1155-1163. 
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Family l. Gemmatimonadaceae Zhang, Sekiguchi, Hanada, Hugenholtz, Kamagata and Nakamura 
2003, 1161" 


YoicHi KAMAGATA 


Gem.mati.mo.na.da.ce'ae. N.L. fem. n. Gemmatimonas type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Gemmatimonadaceae the family of the genus Gemmatimonas. 


The description is the same as for the genus Gemmatimonas. 


Type genus: Gemmatimonas Zhang, Sekiguchi, Hanada, 
Hugenholtz, Kamagata and Nakamura 2003, 1161. 


Genus |. Gemmatimonas Zhang, Sekiguchi, Hanada, Hugenholtz, Kamagata and Nakamura 2003, 1161V? 


YOICH! KAMAGATA 


Gem.ma'ti.mo'nas. L. adj. gemmatus provided with buds; L. fem. n. monas a unit; N.L. fem. n. Gemmatimo- 


nas a budding unit. 


Gram-stain-negative. Cells are motile, rod-shaped. Spores are 
not formed. Cells divide by binary fission but often show bud- 
ding forms. Mesophilic. Heterotrophic. Cells grow under aer- 
obic conditions. The major respiratory quinone is MK-9. The 
main fatty acids are C,, iso, C,,, and C,,,. The cell wall con- 
tains no diaminopimelic acid (DAP) isomers. 

DNA G+C content (mol % ): 66.0 (HPLC). 

Type species: Gemmatimonas aurantiaca Zhang, Sekiguchi, 
Hanada, Hugenholtz, Kamagata and Nakamura 2003, 11619". 


Further descriptive information 


The genus Gemmatimonas contains only one species, Gemmatimo- 
nas aurantiaca. The type strain, T-27', is a Gram-stain-negative, 
rod-shaped aerobe. Cells often appear to divide by budding 
division. Strain T-27' grows at 25-35°C with an optimum growth 
temperature of 30°C, while no growth is observed below 20°C or 
above 37°C within 20 d of incubation. The pH range for growth 
is 6.5-9.5, with an optimum at pH 7.0. Cells are rod-shaped, 
Gram-stain-negative, motile, 0.7 pm in width and 2.5-3.2 pm 
in length (mean size 2.8 um) (Figure 125). Spore formation is 
not observed. Diffusible pigment production is not observed. 
Electron microscopy reveals that cells of strain T-27' possess 
a Gram-stain-negative cell envelope, with the cytoplasmic and 
outer membranes readily visible (Figure 126). Electron-dense 
and transparent inclusion bodies are present in transmission 
electron micrograph (TEM) images (Figure 126). Cells repro- 
duce by binary fission and often show budding morphology, 
suggesting asymmetrical cell division (Figures 125 and 126). 

Strain T-27! is able to utilize a limited range of substrates, 
such as yeast extract, peptone, succinate, acetate, gelatin and 
benzoate. Neisser staining is positive and 4,6-diamidino-2-phe- 
nylindole (DAPI)-stained cells display a yellow fluorescence, 
indicative of polyphosphate inclusions. Menaquinone-9 is the 
major respiratory quinone. The cellular fatty acids of the strain 
are mainly composed of C, iso, C,,, and C,,,. The G+C con- 
tent of the genomic DNA is 66 mol%. 

Comparative analyses of 16S rRNA gene sequences indicate 
that strain T-27" belongs to the candidate division BD (also 
called KS-B), a phylum-level lineage in the bacterial domain, to 
date comprised exclusively of environmental 16S rDNA clone 
sequences. Hence, a new genus and species were proposed, 


Gemmatimonas aurantiaca, as the first cultivated representative 
of the Gemmatimonadetes. Environmental sequence data indicate 
that this phylum is widespread in nature and has a phyloge- 
netic breadth (19% 16S rDNA sequence divergence) that is 
greater than well-known phyla such as the Actinobacteria (18% 
divergence). 

Based on the standard set of phenotypic tests, strain T-27" is 
not physiologically conspicuous. Many phylogenetically diverse 
bacteria are Gram-stain-negative aerobic heterotrophs and a 
number of bacteria can accumulate polyphosphate, includ- 
ing “Candidatus Accumulibacter phosphatis" (a member of the 
Proteobacteria; Hesselmann et al., 1999), Microlunatus phospho- 
vorus and Tetrasphaera species (members of the Actinobacteria) 
(Hanada et al., 2002; Maszenan et al., 2000; Nakamura et al., 
1995). Strain T-27' also has a pedestrian, if somewhat limited, 
carbon substrate utilization profile. Therefore, if isolates are 
screened using only phenotypic tests, phylogenetically novel 
microorganisms may be overlooked. The chemotaxonomic and 
ultrastructural data obtained for strain T-27!, however, hint at a 


FIGURE 125. Phase-contrast photomicrograph of cells of Gemmatimo- 
nas aurantiaca strain T-27! grown aerobically in NM-1 liquid medium at 
30°C, often showing asymmetrical cell division. Bar, 10 um. 
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FIGURE 126. Electron micrographs of cells of Gemmatimonas auranti- 
aca strain T-27'. (a) Transmission electron micrograph showing a Gram- 
negative cell envelope structure. Bar, 0.5 um. (b) Transmission and 
scanning (inset) electron micrographs of cells of strain T-277, suggest- 
ing asymmetric cell division. Budding structures are shown by arrows. 
Bar, 0.25 um (inset, 0.5 um). 


more exotic ancestry. The strain has an unusual combination 
of dominant fatty acids: 45% C,., iso (usually characteristic of 
Gram-stain-positive bacteria) and 27% C,,, (more often found 
in Gram-stain-negative heterotrophs). Similarly, it is unusual for 
Gram-stain-negative bacteria to lack DAP in their cell-wall pepti- 
doglycan and to grow aerobically using MK-9 as the major respi- 
ratory quinone. Also, the cell envelope is unusual in that the 
space between the membranes (periplasmic space) is atypically 
wide for Gram-stain-negative organisms. Genome sequencing 
now under way will give further insight into this novel lineage 
within the domain bacteria. 


Enrichment and isolation procedures 


Strain 1-27! was isolated from a laboratory-scale sequential 
batch wastewater treatment process operated under enhanced 
biological phosphorous removal (EBPR) conditions. A strategy 
wastaken toisolateslowly growing, polyphosphate-accumulating 
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bacteria that may be important but uncharacterized members 
of EBPR communities. Low-speed centrifugations were applied 
initially to sonicated sludge samples to enrich for heavy and/ 
or large cells that may contain various accumulated materials, 
such as polyphosphate, poly-B-hydroxyalkanoate and glycogen. 
Following enrichment, cells were plated onto a heterotrophic 
agar medium, NM-1, and incubated for up to 12 weeks. Pin- 
pointand slowly appearing colonies were preferentially selected 
from the isolation plates and purified through repeated isola- 
tion of single colonies on NM-1 media. Twenty isolates were 
obtained in this manner and checked for polyphosphate 
inclusions by Neisser staining. Among the Neisser-positive iso- 
lates (13/20), one strain, designated 1-277, warranted further 
investigation based upon its novel 16S rRNA gene sequence. 
After 2 weeks incubation, colonies of strain T-27' were circular, 
smooth, faintly orange to pink and only 1-2 mm in diameter. 
This slow growth, resulting in pinpoint colonies, may explain 
why no closely related isolates have been obtained in pure cul- 
ture previously. 


Taxonomic comments 


Comparative sequence analysis indicates that strain T-27" is 
not closely related to any known cultured microorganisms in 
recognized bacterial phyla (85% sequence identity). Instead, 
it is a member of candidate division BD, a previously known 
phylum-evel lineage in the domain Bacteria containing only 
environmental clones obtained from a number of diverse habi- 
tats (Hugenholtz et al., 2001). The environmental clones most 
closely related to strain T-27' (Ebpr21 and SBRH63, 99 and 
97% sequence identity, respectively) were obtained from two 
geographically remote activated sludges operated under EBPR 
conditions (Hugenholtz et al., 2001; Liu et al., 2001). This sug- 
gests that strain T-27' and related organisms may be ubiquitous 
polyphosphate-accumulating bacteria in EBPR processes. Based 
on the phylogenetic analysis, the phylum Gemmatimonadetes is 
comprised of four subclasses (subclasses 1—4), and the strain 
1-27! belongs to subclass 1 (Zhang et al., 2003). Refer to Zhang 
et al. (2003) for the evolutionary-distance dendrogram of the 
type strain, associated representatives of this phylum, and other 
bacterial phyla. 

Over 2000 environmental clone sequences belonging to the 
Gemmatimonadetes are identified in the public databases (as of 
July 2010) by similarity searches and comparative analysis. They 
are retrieved not only from terrestrial (soils, activated sludge, 
saline cave waters and clinical samples) but marine habitats 
(deep-sea sediments, gas hydrates, arctic bacterioplankton, 
coastal mobile mud, and marine sponge symbionts). Recently, 
it was found that members of the phylum Gemmatimonadetes 
make up an average of 2% of soil bacterial communities (Jans- 
sen, 2006). Recently, four other isolates within this phylum have 
been isolated from soil (Davis et al., 2005; Joseph et al., 2003), 
but they remain unnamed. Although they belong to the same 
subclass as Gemmatimonas aurantiaca, their 16S rRNA genes are 
7-8% divergent from those of Gemmatimonas aurantiaca and 
5-7% divergent from each other. These four isolates therefore 
could extend the phylogenetic coverage of this phylum. 


Differentiation of the species of the genus 
Gemmatimonas 


The type and only species is Gemmatimonas aurantiaca. 
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FAMILY |. GEMMATIMONADACEAE 


List of species of the genus Gemmatimonas 


1. Gemmatimonas aurantiaca Zhang, Sekiguchi, Hanada, 


Hugenholtz, Kamagata and Nakamura 2003, 1161” 
au.ran'ti.a'ca. N.L. fem. adj. aurantiaca orange-colored. 


Cells are rod-shaped (0.7 pm in width and 2.5-3.2 pm in 
length: mean size 2.8 pm). Cells possess a Gram-stain-negative 
cell envelope. Cells reproduce by binary fission and often show 
budding morphology. Growth occurs between 25 and 35°C with 
the optimum at 30°C. The pH range is 6.5-9.5. Optimum growth 
occurs at pH 7.0. The optimum doubling time of growth is 12 h. 
Catalase and oxidase are produced. Aerobic. No fermentative 
growth is observed. Nitrate reduction is negative. 

Neisser staining is positive. Cells are stained yellow with 
DAPI. Menaquinone-9 is the major respiratory quinone. 
The cellular fatty acids of the strain are mainly composed of 
Ciso iso, C,,, and C,,,. The following can be utilized as sole 
carbon sources: yeast extract, peptone, succinate, acetate, 
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gelatin and benzoate. The following can be utilized weakly 
as sole carbon sources: glucose, sucrose, galactose, melibi- 
ose, maltose, formate and hydroxybutyrate. The following 
carbon sources are not utilized: fructose, mannose, lactose, 
trehalose, raffinose, arabinose, xylose, rhamnose, glycerol, 
ethanol, propanol, erythritol, mannitol, sorbitol, lactate, 
citrate, pyruvate, propionate, malate, butyrate, glutamate, 
aspartate, alanine, starch, glycogen, gentiobiose, turanose, 
methyl pyruvate, 2-oxoglutarate, o-ketovalerate, serine, histi- 
dine, glycine, leucine and Casamino acids. 

Source: the type strain was isolated from a laboratory-scale 
anaerobic-aerobic sequential batch reactor operated under 
EBPR conditions. 

DNA G+C content (mol 96): 66.0 (HPLC). 

Type strain: 1-27, JCM 11422, DSM 14586. 

Sequence accession no. (16S rRNA gene): AB072735. 
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Phylum XXII. Lentisphaerae Cho, Vergin, Morris and 
Giovannoni 2004a, 1005'P (Effective publication: Cho, 
Vergin, Morris and Giovannoni 2004b, 617.) 


BRIAN P. HEDLUND, JANG-CHEON Cro, MURIEL Dernen AND KYLE C. Costa 


Len.ti.spha.e'rae. N.L. fem. n. Lentisphaera type genus of the type order of the phylum; N.L. fem. 
pl. n. Lentisphaerae phylum of the genus Lentisphaera. Lentisphaerae the phylum of bacteria 
having 16S rRNA gene sequences related to those of members of the Lentisphaerales. 


The phylum Lentisphaerae is defined by phylogenetic analysis 
based on 16S rRNA gene sequences of cultured strains from 
seawater and human feces and environmental clone sequences 
retrieved mainly from marine habitats, freshwater habitats, 
anaerobic digesters, and vertebrate feces. The phylum includes 
two bacterial genera, Lentisphaera and Victivallis, both of which 
are chemo-organotrophic cocci with a Gram-negative cell struc- 
ture. Saccharolytic, only able to use mono- and di-saccharides, 
sugar alcohols, or sugar acids. Both produce extracellular slime 
material. 

Type order: Lentisphaerales Cho, Vergin, Morris and Giovannoni 
2004a, 1005" (Effective publication: Cho, Vergin, Morris and 
Giovannoni 2004b, 617.). 


Further descriptive information 


The phylum Lentisphaerae has been shown to be related to the 
phyla Planctomycetes, Chlamydiae, and Verrucomicrobia along with 
candidate phyla * Poribacterià" and OP3 within the so-called PVC 
superphylum (Cho et al., 2004b; Wagner and Horn, 2006). 
Within the PVC superphylum, Lentisphaerae are most closely 
related to the Verrucomicrobia, with which they share an obligately 
chemo-organotrophic metabolism focused on carbohydrate 
metabolism and the general characteristic of being difficult to 
isolate in pure culture. Possibly, these two phyla are difficult 
to isolate because they are both K-strategists (Noll et al., 2005). 
As such, they may be outgrown in enrichment cultures owing to 
relatively slow growth rates, or inhibited by high concentrations 
of organic substrates in common isolation media. In addition, 
these phyla, particularly Lentisphaerae, are generally outnum- 
bered by other bacteria in nature (Cho et al., 2004b; Lee et al., 
1996; Zoetendal et al., 2003) and several isolates cannot grow 
on 1.5% (w/v) agar plates, which are used in most microbiology 
studies (Janssen et al, 2002, 2004; Sangwan et al, 2005; 
Zoetendal etal., 2003). Attempts to grow these organisms should 
probably involve serial dilutions of natural samples into media 
containing low concentrations of monosaccharides, disaccha- 
rides, sugar alcohols, or sugar acids as growth substrates. Since 
this isolation strategy is minimally selective, high throughput 
isolation and screening approaches are recommended. It may 
be productive to avoid standard agar plates (1.5% w/v) in favor 
of broth culture, gellan gum, or semisolid agar. 


Prior to the isolation of Lentisphaera (Cho et al., 2004b) and 
Victivallis (Zoetendal et al., 2003), sequences in this lineage 
were grouped within candidate phylum VadinBE97, known 
only from cultivation-independent microbial censuses (Rappe 
and Giovannoni, 2003). Currently 16S rRNA genes repre- 
senting uncultured bacteria make up >90% of the sequences 
in the phylum. These environmental clones comprise several 
unique order- to family-level lineages (Figure 127, Table 152). 
The two cultivated orders plus three uncultivated lineages were 
termed subgroups L1-L5 by Cho et al. (2004b); however, to 
account for the paraphyly of subgroup L4, accommodate new 
sequences, and avoid confusion, we use the term subphylum to 
denote well-supported deep monophyletic groups of three or 
more environmental clone sequences. This term has no taxo- 
nomic value, therefore the taxonomy of these subphyla should 
be re-evaluated and formally addressed as new organisms are 
isolated and characterized. 

The two cultivated genera belong to two well-supported 
clades, formally designated the orders Lentisphaerales and Victi- 
vallales. The order Lentisphaerales occupies a deep phylogenetic 
position within the Lentisphaerae and is comprised of Lentisphaera 
along with two other 16S rRNA gene sequences from marine 
environments. This clade is well supported and phylogeneti- 
cally distant from other members of the phylum. 

The order Victivallales is comprised of Victivallis, indigenous 
to the human colon, along with 16S rRNA gene sequences from 
a turkey cecum (Scupham, 2007), dugong feces, termite gut 
contents, and anaerobic digesters fed with waste from a wine 
distillery or municipal sludge (Chouari et al, 2005; Delbes 
et al., 2000; Gordon et al., 1997). The order Victivallales groups 
with subphylum 3 (formerly subgroup L2 (Cho et al., 2004b), 
which is represented by 16S rRNA gene sequences from the 
cattle rumen, an anaerobic wine distillery waste digester (Gordon 
et al., 1997), and freshwater lake and river sediments (Crump 
and Hobbie, 2005; Nercessian et al., 2005). Subphylum 4 (for- 
merly subgroup L3 (Cho et al., 2004b) and subphylum 5 are 
each comprised ofsequences from mucosal secretions of marine 
invertebrates or deep-sea marine sediments (Alain et al., 2002; 
Li et al., 1999; Zhu et al., 2008). 

Subphyla 6 and 7 form a well-supported clade. Subphylum 6 
16S rRNA gene sequences have been recovered from a variety 
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PHYLUM XXII. LENTISPHAERAE 


turkey cecum clone CFT114A6, DQ456068 
Dugong feces clone dgC-74, AB218348 
anaerobic digester clone AA08, AF275917 
anaerobic digester clone vadinHB65, U81755 
Victivallis vadensis, ^Y049713 
Evry municipal wastewater clone 055H08 P DI P58, CR933072 


á Evry municipal wastewater clone 062G10 P. SD P93, CR933035 
termite gut clone BCf1—10, AB062771 


cattle rumen clone F23-D04, AB185535 
rumen clone RFN44, AB009200 
rumen clone RFN4, AB009195 
anaerobic digester clone vadinBE97, U81707 

Lake Washington sediment clone pLW-89, DQ067008 
Parker River clone PRD18C08, AY948016 


marine sponge isolate PRPR22, DQ903989 
cold seep sediment clone JT75-104, AB189358 
m marine clone Arctic95B-14, AF355055 


marine clone Arctic95B-10, AY028222 


— 


wastewater treatment plant clone 030B08_P_DI_P15, CR933087 
freshwater pond clone MVP—94, DQ676364 
Lake Cadagno clone 362, AJ536842 

Pearl River Estuary sediment clone MidBa45, EF999382 


marine worm isolate Dex80—43, AJ431234 
fs *——34 mucus secretion clone P. palm C/A 24, AJ441226 
deep sea sediment clone BD2-3, AB015533 


mucus secretion clone P. palm C 41, AJ441225 


& Zodletone Spring sediment clone Zplanct33, EF602494 
gorilla feces clone Z20, DQ353908 


Kings Bay sediment clone SS1 B 08 35, EU050937 
hypersaline mat clone MAT-CR-H4-CO09, EU245220 
hypersaline mat clone MAT-CR-P6-B02, EU246270 
hypersaline mat clone MAT-CR-M1-F05, EU245440 
hypersaline mat clone MAT-CR-M3-EO3, EU245595 
hypersaline mat clone MAT-CR-M3-AO05, EU245555 
Mono Lake clone ML635J-58, AF507900 
marine worm isolate Dex80-64, AJ431235 

freshwater clone LiUU-11-182, AY509522 


Kings Bay sediment clone SS1 B 02 17, EUO50935 


hypersaline mat clone MAT-CR-M6-B01, EU245769 
Lentisphaera araneosa HTCC2160, AY390429 
Lentisphaera araneosa HTCC2155, AY390428 
Kings Bay sediment clone SS1 B 03 46, EU050936 


Lentisphaera sp. clone EC115, DQ889896 


0.10 


Chlamydiae 


Victivallales 


Subphylum 3 


Subphylum 4 


Subphylum 5 


Subphylum 6 


Subphylum 7 


Lentisphaerales 


FIGURE 127. Maximum likelihood tree with heuristic correction produced by using ARB (Ludwig et al., 2004). Solid squares represent nodes 
supported by maximum likelihood, parsimony, and distance (neighborjoining, Kimura 2-parameter correction). Open nodes were supported 
by two of the three methods. Parsimony and neighbor joining trees were made with 1000 bootstraps and heuristic corrections. Alignments were 
unmasked. The dataset was purged of sequences suggested to be anomalous by Mallard (Ashelford et al., 2006). 


TABLE 152. Habitat distribution of the orders of Lentisphaera including major uncultivated groups 


Freshwater Marine 
Invertebrate Vertebrate Anaerobic 
Sediment Water Sediment Water mucous digestive tract digesters — Hypersaline 
Order Lentisphaerales . 
Order Victivallales ° ° 
Subphylum 3, uncultivated o ° 
Subphylum 4, uncultivated o . 
Subphylum 5, uncultivated o i 
Subphylum 6, uncultivated ° ° 
Subphylum 7, uncultivated o ° 


Symbols: e, strains isolated and/or 16S rRNA gene clones from several different cultivation-independent studies of habitat type; °, more than one 16S rRNA gene clone 
from a cultivation-independent study of habitat type. No symbol, little or no evidence of colonization of the habitat. 


of anaerobic habitats, including municipal sewage (Chouari 
et al., 2005), anoxic freshwater sediments (Briee et al., 2007; 
Elshahed et al., 2007), and feces of a wild gorilla (Frey et al., 
2006). Subphylum 7 is composed of clone sequences from 
aquatic habitats varying in salinity, including a basal sequence 
from a freshwater lake (Eiler and Bertilsson, 2004), a marine 


clone from the marine tube worm Alvinella pompejana, and 
several derived sequences isolated from hypersaline environ- 
ments (Humayoun et al., 2003; Isenbarger et al., 2008). The 
branching pattern within subphylum 7 suggests a freshwater 
ancestor with later niche invasion into saline and hypersaline 
environments. 


CLASS I. LENTISPHAERIA 
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Class |. Lentisphaeria class. nov. 


JANG-CHEON Cro, MuRnIEL Dernen AND BRIAN P. HEDLUND 


Len.ti.spha.e'ria. N.L. fem. n. Lentisphaera type genus of the type order; N.L. neut. pl. n. 
Lentisphaeria class of the order Lentisphaerales. Lentisphaeria the class of bacteria having 
16S rRNA gene sequences related to those of the members of the Lentisphaerales. 


The class Lentisphaeria encompasses bacteria and related 16S 
rRNA gene sequences mainly from marine habitats, freshwater 
habitats, anaerobic digesters, and vertebrate feces. It contains the 
orders Lentisphaerales and Victivallales in the phylum Lentisphaerae 
and is currently represented only by the genera Lentisphaera and 


Victivallis. The delineation of the class is primarily determined 
based on phylogenetic information of 16S rRNA sequences. 

Type order: Lentisphaerales Cho, Vergin, Morris and Giovan- 
noni 2004a, 1005V* (Effective publication: Cho, Vergin, Morris 
and Giovannoni 2004b, 617.). 
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FAMILY |. LENTISPHAERACEAE 


Cho, J.C., K.L. Vergin, R.M. Morris and S.J. Giovannoni. 2004b. 
Lentisphaera araneosa gen. nov., sp. nov., a transparent exopolymer 
producing marine bacterium, and the description of a novel bacterial 
phylum, Lentisphaerae. Environ. Microbiol. 6: 611-621. 


Order |. Lentisphaerales Cho, Vergin, Morris and Giovannoni 2004a, 1005"* 
(Effective publication: Cho, Vergin, Morris and Giovannoni 2004b, 617.) 


JANG-CHEON CHO AND BRIAN P. HEDLUND 


Len.ti.spha.e.ra'les. N.L. fem. n. Lentisphaera type genus of the order; -ales ending to denote 
an order; N.L. fem. pl. n. Lentisphaerales the order of the genus Lentisphaera 


The order Lentisphaerales encompasses bacteria and related 16S 
rRNA gene sequences (detected by cultivation-independent meth- 
ods and retrieved from pelagic marine habitats) within the phy- 
lum Lentisphaerae. The order comprises two strains of the genus 
Lentisphaera. The delineation of the order is primarily determined 
based on phylogenetic information of 16S rRNA sequences. 

Type genus: Lentisphaera Cho, Vergin, Morris and Giovannoni 
2004a, 1005” (Effective publication: Cho, Vergin, Morris and 
Giovannoni 2004b, 618.). 
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Family |. Lentisphaeraceae fam. nov. 


JANG-CHEON CHO AND BRIAN P. HEDLUND 


Len.ti.spha.e.ra.ce'ae. N.L. fem. n. Lentisphaera type genus of the family; -aceae ending to denote a 
family; N.L. fem. pl. n. Lentisphaeraceae the family of the genus Lentisphaera. 


The family Lentisphaeraceae encompasses bacteria and related 
16S rRNA gene sequences (detected by cultivation-independent 
methods and retrieved from pelagic marine habitats) within 
the phylum Lentisphaerae. The family comprises two strains of 
the genus Lentisphaera. The delineation of the family is primarily 


determined based on phylogenetic information of 16S rRNA 
sequences. 

Type genus: Lentisphaera Cho, Vergin, Morris and Giovannoni 
2004a, 1005” (Effective publication: Cho, Vergin, Morris and 
Giovannoni 2004b, 618.). 


Genus |. Lentisphaera Cho, Vergin, Morris and Giovannoni 2004a, 1005" (Effective publication: Cho, Vergin, 
Morris and Giovannoni 2004b, 618.) 


JANG-CHEON CHO AND STEPHEN J. GIOVANNONI 


Len.ti.spha.e'ra. L. adj. lentus sticky; L. fem. n. sphaera sphere; N.L. fem. n. Lentisphaera a sticky sphere. 


Cells are spherical (coccus). Gram-stain negative. Gram-negative 
cell structure. Cells have thin layer of extracellular slime and 
buds or appendages around the cells. Nonmotile. Strictly aero- 
bic, chemoheterotrophic, and facultatively oligotrophic bacte- 
ria. Do not produce pigments. Require NaCl for growth. Do not 
utilize amino acids as sole carbon sources. Produce transpar- 
ent exopolymers. The major cellular fatty acids are C,,, 9c 
(50.8%) and C,,, (25.9%). The genome size is 6.02 Mb, based 
on full-genome sequencing. Phylogenetically, the genus belongs 
to the order Lentisphaerales in the phylum Lentisphaerae. 

DNA G+C content (mol 96): 48—49. 

Type species: Lentisphaera araneosa Cho, Vergin, Morris and 
Giovannoni 2004a, 1005‘? (Effective publication: Cho, Vergin, 
Morris and Giovannoni 2004b, 618.). 


Further descriptive information 


The genus Lentisphaera currently contains only one species with 
the type strain, Lentisphaera araneosa HTCC21557. Phylogenetic 
analyses based on almost complete 16S rRNA gene sequences of 
strains HTCC2155" and HTCC2160 show that the genus forms 
a distinct clade together with Victivallis vadensis and several envi- 
ronmental sequences of the candidate phylum VadinBE97. The 
phylogenetic clade containing the genera Lentisphaera and Victi- 
vallis is clearly separated from the nearest phylum, Verrucomicro- 
bia (Figure 128). Based on this phylogenetic analysis, the genus 
Lentisphaera is classified as the type genus in the order Lentispha- 
erales of the phylum Lentisphaerae. The comparative analyses of 
16S rRNA gene sequence show that Lentisphaera araneosa has 
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only 65.1-82.1% similarity with the sequences of representa- 
tives of all other phyla in the domain Bacteria. 

Cells are nonmotile, spherical forms with 0.8 um in diameter, 
dividing by binary fission. Cells have a Gram-stain-negative cell 
structure. Flagella, endospore, and intracellular granules are 
not found. Colonies are 0.6-1.1 mm in diameter, milkish, uni- 
formly circular, convex, and opaque, with smooth surfaces and 
entire margins, after incubation on marine agar 2216 at 20°C for 
3 weeks. The genus Lentisphaera is an obligately aerobic, NaCl- 
requiring, and psychrotolerant marine chemoheterotroph. The 
temperature range, pH range, and salinity range for growth are 
4-25°C (optimum at 16-20*C), pH 7.0-9.0 (optimum at pH 
8.0), and 0.75-15% (w/v) of NaCl (optimum at 3.0%), respec- 
tively. B-Galactosidase activity is positive. Catalase, oxidase, den- 
itrification, indole production, glucose acidification, arginine 
dihydrolase, urease, and hydrolysis of esculin and gelatin are 
negative. Cells utilize the following carbon sources (0.02%) as 
sole carbon sources; D-glucose, D-galactose, D-fructose, B-lactose, 
p-trehalose p-cellobiose, p-maltose, D-mannose, D-glucosamine, 
p-mannitol, p-sorbitol, pyruvic acid, succinic acid, and p-malic 
acid. However, the cells do not utilize amino acids as sole car- 
bon sources. 

The most important physiological property of the genus 
Lentisphaera is transparent exopolymer (TEP) production in 
oligotrophic conditions. The genus produces TEP in artificial 
seawater medium (ASW; 30 g of NaCl, 1.0 g of MgCl,-6H,O, 
4.0 g of Na,SO,, 0.7 g of KCI, 0.15 g of CaCl,-2H,O, 0.5 g of 
NH,CI, 0.2 g of NaHCO,, 0.1 g of KBr, 0.27 g of KH,PO,, 0.04 g 


of SrCl,-6H,O, 0.025 g of H,BO,, 0.001 g of NaF, 10 ml of Tris- 
CI [pH 8.0]), and 1 ml of SN trace metal solution (Waterbury 
et al, 1986) per 1 1 deionized water) and LNHM medium 
(0.2 um-filtered and autoclaved seawater supplemented with 
1.0 uM NH,CI and 0.1 uM KH,PO,) amended with 1x mixed 
carbons (MC; LNHM plus 1x MC); 1x MC was composed of 
0.00196 (w/v) of each of the following carbon compounds: 
D-glucose, p-ribose, succinic acid, pyruvic acid, glycerol, N-acetyl 
pn-glucosamine, and 0.002% (v/v) of ethanol. The culture 
medium increases in viscosity at the end of exponential growth 
phase and reaches a maximum in stationary phase. The TEP 
stains bright to deep blue with the dye Alcian Blue. The com- 
position of the TEP is rhamnose (62.2%), galactose (14.2%), 
mannose (12.2%), and glucose (11.4%). 

Lentisphaera araneosa was isolated from the surface seawater 
of the Pacific Ocean; thus its major habit is considered to be 
marine environments. The members of the phylum Lentispha- 
erae including cultured and uncultured members seem to 
inhabit mainly marine environments and animal (or human)- 
related anaerobic terrestrial environments. Marine habitats 
include seawaters of the Arctic Ocean, the Pacific Ocean, 
deep-sea sediments, and mucous of the hydrothermal vent 
polychaete Paralvinella palmiformis. Bulk nucleic acid hybridiza- 
tion values determined by using Lentisphaera araneosa-specific 
probe (5'-TTAGCAAGTAAGGATATGGGT-3’) from the Pacific 
Ocean and the oligotrophic Atlantic seawater samples indicate 
that Lentisphaera araneosa is a common marine bacterium which 
accounts for less than 1% of total bacterial 16S rRNA. 
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FIGURE 128. Maximum-likelihood 16S rRNA phylogenetic tree showing the phylogenetic positions of the genus Lentisphaera and the phylum 
Lentisphaerae. Bootstrap proportions over 70% from both neighbor-joining (above nodes) and maximum parsimony (below nodes) are shown. The 


closed circles and open circles at each node in the Lentisphaerae indicate recovered nodes in all three treeing methods and recovered nodes in two 


treeing methods respectively. Scale bar, 0.1 substitutions per nucleotide position. 
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Enrichment and isolation procedures 


The original liquid cultures of Lentisphaera arameosa were 
cultivated from the Oregon coast of the Pacific Ocean surface by 
a dilution-to-extinction method, using LNHM amended with 1x 
MC after incubation at 16°C for 21 d. The liquid cultures were 
spread on LNHM plus 1x MC agar medium and colonies were 
isolated after incubation for 20 d at 16°C. The colonies were trans- 
ferred on marine agar 2216 and stored as glycerol suspension in 
liquid nitrogen. Currently there is no special method to enrich 
Lentisphaera from the mixed marine microbial community. 
Because the growth rate of Lentisphaera araneosa is much slower 
than that of standard colony forming marine bacteria, use of an 
oligotrophic medium such as LNHM plus 1x MC medium or 
1/10 marine R2A is recommended rather than Zobell’s medium 
or marine agar 2216 for the isolation of Lentisphaera araneosa 
from the complex marine microbial community. Recommended 
incubation temperature to isolate the genus is 16°C. 


Maintenance procedures 


Frozen stocks as a glycerol suspension (10-30%) stored in liq- 
uid nitrogen or at —70°C are routinely used to start a new cul- 
ture. Either colonies scraped from the surface of agar medium 
or broth cultures can be used for preparing glycerol stocks. 
Neither marine broth 2216 nor 1/10 marine R2A broth is suit- 
able for maintaining or preserving the cultures. Incubating the 
cultures in LNHM plus 1x MC medium or ASW plus 10x MC 
is recommended for the maintenance and storage of the cul- 
tures. Working cultures can be maintained on marine agar 2216 
at 16°C for 2 months. Working cultures (slants) can be main- 
tained at 4°C for 3 months. 


Procedures for testing special characters 


Colonies of Lentisphaera araneosa can be visualized as small 
rounded colonies after 10 d of incubation. To check for culture 
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purity, DAPI stained cells are viewed by epifluorescent microscopy. 
When Lentisphaera araneosa is cultured in ASW plus 10x MC 
medium, the viscosity of the medium can be easily checked by 
swirlingthecultureflasksand measuringviscosity. Lentisphaera ara- 
neosa can be specifically identified by using Lentisphaera araneosa- 
specific PCR primers HTCC2155-195F (D-AAGGTTACGCTTA 
GGGATGA-3') and HTCC2155-1345R (5-GTAGCTGATGC- 
CCATTTACT-3’), and a standard PCR protocol using an annealing 
temperature of 55°C. 


Differentiation of the genus Lentisphaera 
from other related genera 


Phylogenetically, the most closely related genus is Victivallis 
within the order Victivallales in the phylum Lentisphaera. The 
genus Lentisphaera is differentiated from the genus Victivallis 
by 16S rDNA sequence similarity (84.4%), habitat (seawater vs 
human), oxygen requirement (obligately aerobic vs obligately 
anaerobic), mode of glucose utilization (oxidation vs fermen- 
tation), DNA G+C composition (48.3 mol% vs 59.2 mol%), and 
optimum growth temperature (20°C vs. 37°C). 


Taxonomic comments 


The genus Lentisphaera is the type genus of the order Lentispha- 
erales, which encompasses bacteria retrieved from marine habi- 
tats, within the phylum Lentisphaerae. The phylum Lentisphaerae 
was named after the genus Lentisphaera, although Victivallis is 
the first validly published genus in the phylum. Because the 
category phylum is not covered by the Rules of the Bacteriolog- 
ical Code, Lentisphaerae as nomenclature of the phylum is legiti- 
mate. As the phylum contains some cultured-but-undescribed 
species and many uncultured organisms, culturing endeav- 
ors and more formal description of novel taxa in the phylum 
would be very helpful to elucidate the taxonomy of the phylum 
Lentisphaerae. 


List of species of the genus Lentisphaera 


1. Lentisphaera araneosa Cho, Vergin, Morris and Giovannoni 
2004a, 1005" (Effective publication: Cho, Vergin, Morris and 
Giovannoni 2004b, 618.) 


a.ra.ne.o'sa. L. fem. adj. araneosa similar to cobwebs, pertain- 
ing to the morphology of transparent exopolymer particles 
produced by the species. 


References 


Cho, J.C., K.L. Vergin, R.M. Morris and S.J. Giovannoni. 2004a. In Vali- 
dation of publication of new names and new combinations previ- 
ously effectively published outside the IJSEM. List no. 98. Int. J. Syst. 
Evol. Microbiol. 54: 1005-1006. 

Cho, J.C., K.L. Vergin, R.M. Morris and S.J. Giovannoni. 2004b. 
Lentisphaera araneosa gen. nov., sp. nov., a transparent exopolymer 


The characteristics of the species are as described for the 
genus. 

DNA G+C content (mol % ): 48-49 (HPLC). 

Type strain: HTCC2155, ATCC BAA-859, KCTC 12141. 

Sequence accession no. (16S rRNA gene): AY390428. 


producing marine bacterium, and the description of a novel bacterial 
phylum, Lentisphaerae. Environ. Microbiol. 6: 611—621. 

Waterbury, J.B., S.W. Watson, F.W. Valois and D.G. Franks. 1986. 
Biological and ecological characterization of the marine unicellular 
cyanobacterium Synechococcus. In Canadian Bulletin Fisheries and 
Aquatic Sciences, vol. 214 (edited by Platt and Li). Department of 
Fisheries and Oceans, Ottawa, pp. 71-120. 


GENUS I. VICTIVALLIS 


791 


Order II. Victivallales Cho, Vergin, Morris and Giovannoni 2004a, 1005" (Effective publication: 
Cho, Vergin, Morris and Giovannoni 2004b, 618.) 


Muriel DERRIEN, JANG-CHEON CHO AND BRIAN P. HEDLUND 


Vic.ti.val.lal'les. N.L. fem. n. Victivallis type genus of the order; -ales ending to denote an 
order; N.L. fem. pl. n. Victivallales the order of the genus Victivallis 


The order comprises the genus Victivallis and uncultured 16S 
rRNA genes from mainly anaerobic environments that branch 
within the phylum Lentisphaerae. Clones have been retrieved 
from the intestinal contents of humans, dugongs, turkeys, and 
termites, as well as anaerobic digesters and wastewater. The 
delineation of the order is primarily based on phylogenetic 
information from 165 rRNA sequences. 

Type genus: Victivallis Zoetendal, Plugge, Akkermans and de 
Vos 2003, 214? (Effective publication: Cho, Vergin, Morris and 
Giovannoni 2004b, 618.). 
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Family I. Victivallaceae fam. nov. 


MuRiEL DERRIEN, JANG-CHEON CHO AND BRIAN P. HEDLUND 


Vic.ti.val.la.ce'ae. N.L. fem. n. Victivallis type genus of the family; -aceae ending to denote a family; 
N.L. fem. pl. n. Victivallaceae the family of the genus Victivallis 


The family comprises the genus Victivallis and uncultured 16S 
rRNA genes from mainly anaerobic environments that branch 
within the phylum Lentisphaerae. Clones have been retrieved 
from the intestinal contents of humans, dugongs, turkeys, and 
termites, as well as anaerobic digesters and wastewater. The 


delineation of the family is primarily based on phylogenetic 
information from 16S rRNA sequences. 

Type genus: Victivallis Zoetendal, Plugge, Akkermans and de 
Vos 2003, 214". 


Genus I. Victivallis Zoetendal, Plugge, Akkermans and de Vos 2003, 214“? 


MuRiEL DERRIEN, CAROLINE M. PLuGGE, WILLEM M. DE Vos AND ERwin G. ZOETENDAL 


Vic.ti.val'lis. L. masc. n. victus food; L. fem. n. vallis valley; N.L. fem. n. victivallis food valley which refers to 
the Wageningen "Food Valley". This is an area in The Netherlands in which food science is a major research 


topic. 


Coccoid cells, occurring singly and in pairs. The diameters of 
the cells vary between 0.5 and 1.3 um. Gram-negative cell struc- 
ture. Nonmotile. Strictly anaerobic. Victivallis does not grow 
on standard agar plates, but beige, shiny, lens-shaped colonies 
are formed on agar plates with 0.75% (w/v) agar after 10 d of 
incubation. Cells grow optimally at 37°C and pH 6.5. Growth 
of Victivallis is chemoorganotrophic and restricted to a variety 
of sugars. Acetate, ethanol, H, and bicarbonate are the main 
fermentation products from glucose. 

16S rRNA gene sequence analysis indicated that Victivallis 
belongs to the recently described order Victivallales of the phy- 
Ium Lentisphaerae. The closest cultured relative is Lentisphaera 
araneosa (84.4% 16S rRNA gene similarity). 

DNA G+C content (mol96): 59.2 (HPLC). 

Type species: Victivallis vadensis Zoetendal, Plugge, Akkermans 
and de Vos 2003, 214%". 


Further descriptive information 


Light microscopic and transmission electronic microscopic 
(TEM) analyses revealed that Victivallis vadensis is a coccoid cell 


with Gram-negative cell structure (Figure 129). The cells are vari- 
able in diameter (0.5-1.3 um) and surrounded by haloes, which 
consist of an extracellular slime layer. In addition, many intracel- 
lular electron-dense structures are observed (Figure 129). 
Victivallis vadensis was initially isolated in a bicarbonate- 
buffered anaerobic mineral salts medium (for details see 
Plugge (2005) supplemented with 10 mM cellobiose and 0.7% 
(v/v) clarified sterile rumen fluid. However, rumen fluid is 
not required for growth. In this basal medium Victivallis can 
be cultivated using cellobiose, fructose, galactose, glucose, lac- 
tose, lactulose, maltose, maltotriose, mannitol, melibiose, myo- 
inositol, raftilose, rhamnose, ribose, sucrose and xylose as sole 
carbon and energy source. All sugars are utilized fermentatively. 
Besides growth on the above-mentioned defined media, Victival- 
lis grows well on Wilkens-Chalgren broth (Oxoid; 16 g/l) and 
the medium described by Kamlage et al. (1999) (designated KA 
medium) with minor modifications [no hemin, bacteriological 
peptone (Oxoid) instead of tryptic peptone from meat], both 
supplemented with 0.7% clarified sterile rumen fluid. Optimal 
growth conditions include strict anoxic conditions, pH 6.5, 
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FIGURE 129. Transmission electronic micrograph of the type strain, 
Victivallis vadensis. Scale bar, approximately 0.5 um. 


temperature of 37°C and addition of 0.2% yeast extract. Under 
these conditions, the doubling time may reach 0.5 h. Victival- 
lis can grow syntrophically with Methanospirillum hungatei JF-1! 
(DSM 864) in co-culture; glucose is converted exclusively to 
acetate and methane. 

Little is known about the habitat of Victivallis since it has only 
been isolated from a single fecal sample. Denaturating gradient 
gel electrophoretic analysis (DGGE) of 16S rRNA genes indi- 
cated that it is not a dominant member from this fecal sample. 
Two related uncultured Victivallales clones which share only 
94% 16S rRNA sequence similarity with Victivallis vadensis were 
detected in an anaerobic digester that was fed with wastewater 
containing plant material (Godon et al., 1997). This indicates 
that Victivallis may also be present in these types of habitats. 


Enrichment and isolation procedures 


Victivallis can be enriched and eventually isolated from human 
feces in liquid anaerobic basal medium, with cellobiose as sole 
carbon and energy source, by repeated transfers in serial dilu- 
tion. For a detailed protocol concerning the preparation of 
basal medium see Plugge (2005). Incubations are performed 
at 37°C under anaerobic conditions under a gas phase of 182 
kPa (1.8 atm) N,/CO, (80:20, v/v). The antibiotics streptomy- 
cin and polymyxin B may be used to inhibit growth of potential 
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contaminants. Triplicate incubations in soft agar (0.75%) with 
subsequent transfer of single colonies into liquid medium will 
result in the isolation of Victivallis. Growth in liquid cultures will 
take 1 d; formation of colonies on soft agar will take approxi- 
mately 10 d. 


Maintenance procedures 


Victivallis can be stored in basal medium containing cellobiose 
or any other sugar for several months at 4°C under anaerobic 
conditions. For longer periods up to several years, cultures can 
be maintained in basal medium containing 25% glycerol and 
0.1% of a titanium-citrate solution (100 mM) at -80°C. Victival- 
lis can also be freeze-dried. 


Procedures for testing special characters 


Victivallis cells are characterized as coccoid cells with Gram- 
negative cell structure varying in size between 0.5 and 1.3 um, 
and surrounded by a slime layer. This slime layer increases the 
viscosity of TE or 1x PBS when cells are washed with these solu- 
tions for DNA isolation. A special characteristic of Victivallis is 
its inability to grow on standard agar plates. 


Differentiation of the genus Victivallis from other genera 


Phylogenetic analysis of 16S rRNA genes revealed that Victivallis 
belongs to the order Victivallales of the phylum Lentispha- 
erae (Figure 130). The closest cultured relative of the type 
strain Victivallis vadensis is Lentisphaera araneosa, another iso- 
late from the phylum Lentisphaerae, although it only shares 
84.4% similarity at the16S rRNA gene level (Cho et al., 2004). 
While Victivallis and Lentisphaera both have limited metabolic 
capacities, the two genera differ by: habitat (human intestine 
Vs sea water); oxygen requirement (strict anaerobe vs strict 
aerobe), glucose utilization (fermentation vs oxidation), DNA 
G+C composition (59.2 vs 48.3 mol%), and optimum growth 
temperature (37°C vs 20°C). 


Taxonomic comments 


To date, Victivallis vadensis is the only isolate representing the 
genus Victivallis and order Victivallales. This limits our ability to 
comprehensively describe this group at the order, genus and 
species level. Fortunately, culture-independent data shows the 
detection of bacteria that are more closely related (9496 16S 
rRNA gene sequence similarity). This suggests that additional 
species of Victivallis or of a closely related genus are waiting to 
be isolated. 


Differentiation of the species of the genus Victivallis 


Only one species is described, the type species Victivallis vadensis. 


List of the species of the genus Victivallis 


1. Victivallis vadensis Zoetendal, Plugge, Akkermans and de 
Vos 2003, 214% 


va.den'sis. N.L. fem. adj. vadensis of or belonging to Vada, 
referring to Wageningen. Victivallis vadensis refers to the 
Wageningen "Food Valley". 


Cells are coccoid-shaped, 0.5-1.3 um, nonmotile, with 
Gram-stain-negative cell structure and surrounded by an 
extracellular slime layer. Cells occur singly or in pairs. In 
pure culture, the cells can grow on a variety of sugars, only 


under strictly anaerobic conditions. Glucose is converted to 
acetate, ethanol, H, and bicarbonate. Growth on solid agar 
media is possible below 0.75% (w/v) agar. Cells grow opti- 
mally on bicarbonate-buffered mineral salts medium with 
cellobiose at 37°C and pH 6.5. 

Source: human feces. 

DNA G+C content (mol 96) : 59.2 (HPLC). 

Type strain: Cello, DSM 14823, ATCC BAA-548. 

Sequence accession no. (168 rRNA gene): AY049713. 
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FIGURE 130. Phylogenetic neighborjoining dendogram showing the relationships of Victivallis vadensis with 
representatives of the phyla Verrucomicrobia and Lentisphaerae. Bar = 0.196 sequence difference. 
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Ver.ru'co.mi.cro'bi.a. N.L. fem. pl. n. Verrucomicobiales type order of the phylum; N.L. neut. pl. n. 


Verrucomicrobia the Verrucomicrobiales phylum. 


The phylum Verrucomicrobia is defined by phylogenetic analysis 
of 16S rRNA gene sequences of cultured strains and envi- 
ronmental clone sequences retrieved from a wide variety of 
environments. All cultivated members of the phylum stain 
Gram-negative; many have intracellular compartments bounded 
by internal membranes. Menaquinones are the dominant respi- 
ratory quinones; ubiquinones have not been detected. Most 
members are chemoheterotrophs, preferring carbohydrates 
including complex natural polysaccharides. Recently isolated 
members are thermoacidophilic methylotrophs. 

Type order: Verrucomicrobiales Ward-Rainey, Rainey, Schlesner 
and Stackebrandt 1996, 625"" (Effective publication: Ward- 
Rainey, Rainey, Schlesner and Stackebrandt 1995, 3249.) 
emend. Yoon, Matsuo, Adachi, Nozawa, Matsuda, Kasai and 
Yokota 2008, 1002. 


Further descriptive information 


To date, there are seven class-level groups in the phylum including 
three classes that have been formally defined, Verrucomicrobiae, 
Spartobacteria, and Opitutae. Two additional subphyla groups 
include recently cultivated organisms that have not yet been 
formally defined. Lastly, two subphyla groups are represented 
solely by 16S rRNA gene sequences from cultivation-independent 
studies (Figure 131). Each class-level group exhibits distinct 
habitat preferences that are not yet fully elucidated (Table 153). 
Classes Verrucomicrobiae, Spartobacteria, and Opitutae are each 
described in their own class chapters. Here, traits of the four 
remaining class-level groups are described. 

Subphylum 3 is known mostly from 16S rRNA gene sequences 
from cultivation-independent studies of soils and marine envi- 
ronments. Recently, six strains were isolated from soils by 
prolonged incubation on gellan gum-solidified medium with 
xylan as the sole carbon and energy source, including Ellin 514, 
Ellin 516, and Ellin 518 (Sangwan et al., 2005; Figure 132). The 
genus name “Pedosphaera’ will be proposed to encompass these 
Gram-stain-negative, saccharolytic cocci (Sangwan and Janssen, 
pers. Comm.). Ellin 514 has been shown to have a compart- 
mentalized cell including a membrane-enclosed compartment 
containing a condensed nucleoid and ribosomes (termed the 
pirellulosome) and a ribosome-free compartment between the 
pirellulosome and the cytoplasmic membrane (termed the pary- 
phoplasm) (Lee et al., 2009). This cellular architecture has also 
been described in Verrucomicrobium, Prosthecobacter, and Chthoni- 
obacter species (Lee et al., 2009). The phylogenetic structure of 
subphylum 3 includes two primary lineages (Figure 132). The 
lineage including “Pedosphaera” is comprised almost entirely of 
16S rRNA genes recovered from soil habitats (Cruz-Martinez 


et al., 2009; Janssen, 2006; Sangwan et al., 2005) where it is typi- 
cally the second most abundant class-level group of Verruco- 
microbia in clone libraries at 0-4.7% of total 16S rRNA gene 
clones (Janssen, 2006). The second lineage is comprised of 16S 
rRNA genes recovered from marine habitats, particularly in the 
deep sea (Lau and Armbrust, 2006; Penn et al., 2006). 
Subphylum 6 has been predominantly recovered from 
methane-emitting mud volcanoes showing evidence of meth- 
ane consumption (Alain et al., 2006; Niemann et al., 2006). 
Subsequently, three separate groups reported isolation of meth- 
anotrophic Verrucomicrobia from thermoacidic mud volcanoes, 
provisionally named “Methylacidiphilum infernorum" (Dunfield 
et al, 2007), “Methylacidiphilum kamchatkensis” (Islam et al., 
2008), and “Acidimethylosilex fumarolicum” (Pol et al., 2007). 
“Methylacidiphilum infernorum" and “Methylacidiphilum kamchat- 
kensis” were isolated from Hell’s Gate, New Zealand, and Uzon 
Caldera, Kamchatka, Russia, respectively. These two isolates 
have similar pH growth optima at pH 3.5 and ranges from pH 
0.8 to 5.8. The temperature ranges for growth were 40-65*C 
with optima at 55°C. However, only “Methylacidiphilum kamchat- 
kensis” appears to be able to fix atmospheric N,. *Acidimethylo- 
silex fumarolicum" was isolated from the Pozzouli Solfatara, Italy 
with a pH range of 1.0-6.0 (optimum 2.5) at 60°C. All three iso- 
lates have three divergent operons encoding the components 
of the particulate (membrane-bound) methane monooxyge- 
nase (pMMO) and possess intracellular membrane structures 
described as tubular or polyhedral which are likely to increase 
membrane surface area for pMMO in the absence of stacked 
membrane structures typical of methylotrophic Proteobacteria. 
Analysis of pyrosequencing data from “Acidimethylosilex fumaroli- 
cum" (Pol et al., 2007) and a complete genome from “Methyla- 
cidiphilum infernorum" (Hou et al., 2008) show simple, modified 
methanotrophic pathways with many homologs from methy- 
lotrophic Proteobacteria. The genome size of * Methylacidiphilum 
infernorum" is much smaller than Proteobacteria methylotrophs 
at 2.3 Mb; it was suggested that genes for C1 metabolism were 
obtained by horizontal gene transfer from Proteobacteria. 
Subphylum 5 is known only by cultivation-independent studies 
(Figure 133). Two major clades exist. One is found primarily in 
anaerobic sediments such as those showing anaerobic ammo- 
nia oxidation activity (Freitag and Prosser, 2003), contaminated 
aquifers (Dojka etal., 1998), geothermal mats (both marine and 
freshwater) (Hirayama et al., 2007), RNA from freshwater sedi- 
ments (Nercessian et al., 2005), and hypersaline terminal-basin 
lakes (Humayoun et al., 2003). The second clade is also found 
in anaerobic habitats such as those listed above, however, this 
clade has also been detected in digestive tracts of vertebrates 
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FIGURE 131. Phylogeny of Verrucomicrobia calculated with maximum likelihood methods with heuristic correc- 
tion showing nearly complete 16S rRNA gene sequences present in version 91 of the SILVA database (Pruesse 
et al., 2007). All class-level groups were included and wedged to show the relationship between existing classes 
and class-level groups or “subphyla” not yet formally described. Subphylum 3 includes strains recently isolated by 
Janssen’s group but not yet formally described. The genus name “Pedosphaera’ will be proposed (Sangwan et al., 
2005). Recent thermoacidophilic methylotrophs provisionally named “Methylacidiphilum infernorum" (Dunfield 
et al., 2007), “Methylacidiphilum kamchatkensis” (Islam et al., 2008), “Acidimethylosilex fumarolicum" (Pol et al., 2007), 
and related 16S rRNA gene sequences belong to subphylum 6. The phylogeny was produced by using ARB (Ludwig 
et al., 2004) using Escherichia coli 16S rRNA gene nucleotides 110-1274. Alignments were unmasked. 


TABLE 153. Habitat distribution of the classes of Verrucomicrobia including uncultivated class-level groups from studies published prior to June 2008*^ 
Class Class Class Class 3, Class 5, Class 6, Class 7, 

Habitat Verrucomicrobiae Opitutae Spartobacteria — uncultivated* uncultivated uncultivated* uncultivated 
Soil o ° ° ° ° 
Sediment: 

Fresh ° ° ° 

Marine ° ° ° ° 
Water: 

Fresh ° ° o ° 

Marine ° ° ° ° 
Symbionts or commensals: 

Vertebrate 

Invertebrate ° ° ° ° ° 
Geothermal ° ° ° ° ° 


“Symbols: e, multiple strains isolated from different samples and/or >25% of 16S rRNA gene clones in the class from cultivation-independent studies come from habitat 
type; ©, single strain isolated or multiple strains from the same sample and/or <25% of 16S rRNA gene clones from cultivation-independent studies come from habitat 


type. No symbol, little or no evidence of colonization of the habitat. 


"Here, class-level groups of Verrucomicrobia are used synonymously with original subphylum designations (Hugenholtz et al., 1998). 


‘Although listed as “uncultivated” here, classes 3 and 6 are now represented in culture (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007; Sangwan et al., 2005). 


(Frey et al., 2006). Subphylum 7 is also represented only by 16S 
rRNA gene sequences from a variety of environments, although 
it is currently only represented by a small number of sequences. 
Subphylum 7 appears to be monophlyletic with subphylum 5, 
although it is separated by a relatively large phylogenetic distance 
and is treated separately here. 

The relationship between the Verrucomicrobia and other phyla 
has been the subject of some research. It was originally sug- 
gested by phylogenetic analyses of a relatively small number of 
16S rRNA gene sequences that the Verrucomicrobia were most 
closely related to the Planctomycetes and the Chlamydia (Hedlund 
et al., 1996, 1997; Ward-Rainey et al., 1995). Recently, this has 
been supported by more robust analyses based on alignments of 


large numbers of 16S rRNA gene sequences (Wagner and Horn, 
2006), concatenated ribosomal proteins (Hou et al., 2008), 
and BLAST analysis of putative proteins from whole-genome 
sequences (Hou et al., 2008). It has been proposed that the 
Verrucomicrobia belong to the so-called PVC superphylum, which 
is comprised of the well-characterized phyla Planctomycetes, 
Verrucomicrobia, and Chlamydia along with the Lentisphaera, 
Poribacteria, and candidate phylum OP3. The relationships 
among these phyla and others will likely be further clari- 
fied through comparisons of whole genomes of a number of 
Verrucomicrobia (Galperin, 2008). The relationship between the 
Verrucomicrobia and Planctomycetes is also bolstered by the report 
of very similar cell compartmentalization (Lee et al., 2009). 
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Class Verrucomicrobiae 


Class “Spartobacteria” 


— freshwater clone MVS—16, DQ676318 
sphagnum peat bog clone B67, AM162460 
soil clone AS18, AY963387 
prairie soil clone FFCH13652, EU135503 
soil isolate Ellin516, AY960779 
grassland soil clone FCPN467, EF516104 
soil clone 139, AY493906 
contaminated soil clone UF5, DQ298004 
sphagnum peat bog clone B52, AM162456 
poplar tree microcosm clone 21BSF21, AJ863241 
farm soil clone AKYH1372, AY921923 
Penguin droppings sediment clone KD4—60, AY218640 
soil isolate Ellin514, AY960777 
soil isolate Ellin518, AY960781 
grassland soil clone FCPT446, EF516480 
grassland soil clone FCPP534, EF516399 
grassland soil clone FCPN753, EF516613 
grassland soil clone FCPS691, EF515918 
sphagnum peat bog clone B23, AM162457 
soil clone BacB 075, EU335323 
trembling aspen rhizosphere clone Amb 16S 1878, EF019200 
trembling aspen rhizosphere clone Amb 16S 1397, EF018903 
grassland soil clone FCPN434, EF516210 
soil clone BacA 018, EU335227 
grassland soil clone FCPP513, EF516591 
contaminated soil clone UF7, DQ297970 
Frasassi sulfidic cave stream biofilm clone Ika36, EF467542 
Humic Lake clone CrystalBog022E6, AY792311 
alpine tundra wet meadow clone G07 WMSP2, DQ450781 
marine clone A.conifera1, DQ302118 
deep-sea clone ctg_NISA374, DQ396002 
deep-sea clone ctg_NISA143, DQ396135 
deep-sea clone ctg_NISA023, DQ396039 
deep-sea clone ctg_NISA252, DQ396294 
deep-sea clone ctg_NISA015, DQ396310 
ridge flank crustal fluid clone ODP—39B—02, DQ490028 
marine clone Chl1.3, DQ071044 
marine clone Arctic97B—4, AY028219 
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EN geothermal soil clone V4, AM900833 


geothermal mud clone LP2A, AM900834 
hypersaline mat clone 01D2Z36, DQ329654 
forest soil clone FAC89, DQ451528 
termite gut clone Rs—P07, AB089122 


Class Opitutae 


peumjnoun ‘9 win|Audqns 


subphyla 5 and 7, uncultured 
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FIGURE 132. Phylogeny of Verrucomicrobia subphyla 3 and 6. Calculated as in Figure 131. Subphylum 3 includes 
strains Ellin 514, Ellin 516, and Ellin 518 recently isolated by Janssen’s group but not yet formally described. The 
genus name "Pedosphaera" will be proposed (Sangwan et al., 2005). Recent thermoacidophilic methylotrophs provi- 
sionally named “Methylacidiphilum infernorum" (Dunfield et al., 2007), * Methylacidiphilum kamchatkensis" (Islam et al., 
2008), “Acidimethylosilex fumarolicum" (Pol et al., 2007), and related 16S rRNA gene sequences belong to subphylum 
6. The phylogeny was produced by using ARB (Ludwig et al., 2004) using Escherichia coli 16S rRNA gene nucleotides 


110-1274. Alignments were unmasked. 


Four members of the Verrucomicrobia, representing three class- 
level lineages, were used for detailed ultrastructural character- 
ization using cryosubstituted cross sections revealing complex 
cell structure. All four Verrucomicrobia were characterized by 
the presences of an intracytoplasmic membrane that bounds a 
condensed nucleoid and ribosomes and a ribosome-free pary- 
phoplasm between the intracytoplasmic membrane and the 
cytoplasmic membrane. As in the Planctomycetes, the function of 
the complex cell structure is not currently understood. 
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Joo o oo Class “Spartobacteria” 
e subphylum 3, uncultured 


subphylum 6, uncultured 


Class Opitutae 


anaerobic thermophilic phenol-degrading enrichment clone TP2, EF198042 
rumen clone BS5, AY244959 
freshwater clone MVP—89, DQ676362 
lake sediment clone c5LKS30, AM086121 
anaerobic mesophilic phenol-degrading enrichment clone MP49, EF198032 
soil clone PBS-1II-20, AJ390453 
soil of reed bed reactor clone BS108, AB240261 
sulfidic cave stream biofilm clone zEL28, DO415822 
freshwater clone MVS—90, DQ676426 
Elbe River clone DEV045, AJ401113 
Lake Waiau sediment clone W4—B19, AY345504 
sediment clone Sylt 22, AM040118 
anoxic marine sediment clone LD1—PB3, AY114335 
anoxic marine sediment clone LD1—PA20, AY114314 
hydrothermal sediment clone a2b018, AF419674 
anoxic marine sediment clone LD1—PA37, AY114323 
mangrove sediment clone XME59, EF061966 
anoxic marine sediment clone LD1—PA26, AY114317 
Mono Lake clone ML1228J—2, AF454309 
Mono Lake clone ML623J—15, AF507898 
geothermal spring mat clone YCB32, EF205450 
verrucomicrobium clone DEV055, AJ401121 
contaminated aquifer clone WCHB1—41, AF050560 
soil clone PBS—III-26, AJ390455 
contaminated sediment clone 656036, DQ404592 
freshwater clone MVP—82, DQ676359 
anoxic marine sediment clone LD1—PA31, AY114320 
landfill leachate clone GZKB33, AJ853527 
Lake Washington clone pLW—88, DQ067007 
freshwater clone MVP—102, DQ676367 
sediment clone Kas151B, EF203196 
contaminated sediment clone 655106, DQ404764 
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marine hot spring mat clone pltb—vmat—33, AB294943 
lake sediment clone c5LKS8, AMO86108 
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vent worm clone R76—-B18, AF449257 
cold seep sediment clone JT75—134, AB189371 
anoxic marine sediment clone LD1—PA15, AY114312 
marine sediment clone Belgica2005/10—120—1, DQ351738 
ridge flank crustal fluid clone F5266—26B—03, DQ513076 
mucus secretion clone P. palm C 136, AJ441224 
ridge flank crustal fluid cloneFS142—12B—02, DQ513023 
caecum clone Ver 1, AY222315 
sulfidic cave stream biofilm clone zEL39, DO415832 
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FIGURE 133. Phylogeny of Verrucomicrobia subphyla 5 and 7. Calculated as in Figure 131. Subphyla 5 and 7 are, to date, represented only by 16S 
rRNA gene sequences from cultivation-independent studies. 
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On the basis of 16S rRNA gene sequence analyses, this group 
comprises one of the primary lineages in the phylum Verrucomi- 
crobiaand is equivalent to subdivision 1 (Hugenholtz etal., 1998) 
of the phylum. The majority of its members inhabit marine 
and freshwater habitats or vertebrate digestive tracts, including 
humans, however, some have been recovered from soils. The 
Verrucomicrobia currently comprise one order, at present rep- 
resented by three families, Verrucomicrobiaceae, Akkermansiaceae, 


and Rubritaleaceae. Each family includes one or more cultivated 
and taxonomically described genus and is found primarily in 
a single habitat type, namely, freshwater habitats, vertebrate 
digestive tracts, and marine habitats, respectively. All members 
of this group stain Gram-negative. 

Type order: Verrucomicrobiales Ward-Rainey, Rainey, Schle- 
sner and Stackebrandt 1996, 625." (Effective publication: 
Ward-Rainey, Rainey, Schlesner and Stackebrandt 1995, 3249.) 
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emend. Yoon, Matsuo, Adachi, Nozawa, Matsuda, Kasai and 
Yokota 2008, 1002. 


Further descriptive information 


There are at least three well-supported family-level groups 
within the class Verrucomicrobia, each of which have been formally 
described, Verrucomicrobiaceae, Akkermansiaceae, and Rubritaleaceae 
(Figure 134). 

The family Verrucomicrobiaceae is represented by the genera 
Verrucomicrobium and Prosthecobacter as well as 16S rRNA genes 
from cultivation-independent studies primarily from freshwater 
habitats. Both genera possess prosthecae. Although prosthecae 
are phylogenetically widespread, particularly among members of 
the Alphaproteobacteria, the Verrucomicrobiaceae are distinguished 
by the possession of fimbriae, menaquinones, and specialization 
in carbohydrate degradation (Hedlund et al., 1997). Prostheco- 
bacter has become the focus of investigation since the discovery 
of homologs of tubulin genes, btubA and btubB, in Prosthecobacter 
vanneerveni, Prosthecobacter dejongeii, Prosthecobacter debontii, and 
Prosthecobacter fusiformis (Jenkins et al., 2002). A number of studies 
have elucidated the distribution of these tubulin genes and 
those encoding other structural components among Verrucomi- 
crobia as well as the biochemical properties of their gene prod- 
ucts. Although initial analysis of the partial-genome sequence 
of Prosthecobacter dejongeii failed to reveal genes of the fts operon 
(Jenkins et al., 2002) which is normally involved in contractile 
ring formation and function during bacterial cell division, the 
genome sequence of Verrucomicrobium spinosum did contain fisZ 
and ftsA (Yee et al., 2007). Subsequently, degenerate-primed 
PCR eventually yielded both genes from four Prosthecobacter spe- 
cies (Pilhofer et al., 2007b) and genomic studies revealed ances- 
tral division and cell wall (dcw) gene clusters (ddl, fisQ, fisA, and 
fisZ) in all three formally described classes of Verrucomicrobia as 
well as a taxonomically uncharacterized strain in subphylum 3, 
strain Ellin514 (Pilhofer et al., 2008). Bacterial tubulins appear 
to have a narrow phylogenetic distribution in the Verrucomicro- 
bia since genome projects of members of five class-level groups 
(subphyla) have failed to reveal tubulin homologs. Further- 
more, a new species of Prosthecobacter, Prosthecobacter fluviatilis, 
was recently described, which, based on negative PCR results, 
may lack bacterial tubulin genes (Takeda et al., 2008). However, 
it should be noted that ectosymbionts of the marine ciliate Eup- 
lotidium that belong to the Opitutales, class Opitutae, also appear 
to have tubulins based on biochemical and structural studies, 
although no gene sequences exist therefore it is currently not 
possible to determine whether the genes from Prosthecobacter 
are evolutionarily related (Petroni et al, 2000). The patchy 
distribution of tubulin genes in the Verrucomicrobiaceae justifies 
relegation of these genes to the pan-genome, rather than the 
core genome, which strongly suggests a non-essential role in 
these organisms. Consistent with this patchy phylogenetic dis- 
tribution is the variable genomic context of tubulin genes and 
a kinesindike gene among Prosthecobacter genomes (Pilhofer 
et al., 2007a). Thus, all available data suggest that cell division 
in Verrucomicrobia is likely to be dependent on prototypical dew 
components and that bacterial tubulins and the universally 
conserved kinesin-like gene serve an alternate, non-essential 
function. The presence of the bacterial actin homolog that is 
responsible for maintaining shapes other than a sphere (mreB) 
in Verrucomicrobiales, and the apparent absence of tubulins in 
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Prosthecobacter fluviatilis, seem to rule out a role for tubulins in 
prosthecae formation or maintenance. Biochemical studies 
of Prosthecobacter tubulin gene products show that BtubA and 
BtubB form dimers that polymerize to form protofilaments 
in vitro with concomitant GTP hydrolysis in the absence of a 
chaperone, and the protofilaments aggregate to form pairs 
and, subsequently, bundles that are dozens of protofilaments 
thick (Schlieper et al., 2005; Sontag et al., 2005, 2009). Ulti- 
mately, the biological role of Prosthecobacter tubulins may best be 
addressed genetically; no genetic system to study Verrucomicrobia 
has yet been described. 

The families Akkermansiaceae and Rubritaleaceae are each rep- 
resented by one cultivated genus, Akkermansia and Rubritalea, 
respectively. Akkermansia and closely related 16S rRNA gene 
sequences have been recovered exclusively from intestinal 
contents of vertebrates, including humans, mice, rabbits, and 
dugong, suggesting a wide distribution in phylogenetically, eco- 
logically, and physiologically distinct mammals (Hayashi et al., 
2002; Hold et al., 2002; Salzman et al., 2002; Nelson et al., 2003; 
Mangin et al., 2004; Eckburg et al., 2005; R.A. Hutson and 
M.D. Collins, not published). Some related 16S rRNA gene 
sequences have been reported from soils or freshwater habitats, 
but it is currently unclear whether these represent free-living 
organisms or fecal contaminants. Several species of Rubritalea 
have been isolated from diverse marine invertebrates and 
sediments, and many related 16S rRNA gene sequences have 
been recovered from cultivation-independent censuses of 
marine habitats, particularly pelagic samples (Scheuermayer 
et al., 2006). However, a few 16S rRNA gene sequences have 
been recovered from freshwater samples and from activated 
sludge. The lack of habitat- or host-specific phylogenetic struc- 
ture among Rubritaleaceae environmental clones may suggests a 
marine clade with salinity broad tolerance. 

Since the chapters for this edition of Bergey’s Manual were 
prepared, three additional genera in the Verrucomicrobiaceae, col- 
lectively represented by ten strains and six new species, were iso- 
lated from marine sediment, water, and red alga: Persicirhabdus, 
Roseobacillus, and Luteolibacter (Yoon et al., 2008). The descrip- 
tions of these organisms are generally consistent with the class 
description provided here. It was suggested that these isolates 
be placed in the family Verrucomicrobiaceae, the only existing 
family of the Verrucomicrobiales at the time; however, with the 
updated taxonomy proposed here, all three new genera should 
be placed in the Rubritaleaceae. 
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mucus secretion clone P. palm A 54, AJ441243 
marine clone SJC3.21, DQ071119 
sediment clone YM20—087, AB331886 
ridge flank crustal fluid clone clone F5274—29B-03, DQ513096 
Rubritalea spongiae, AB297805 


Rubritalea tangerina, AB297806 

marine clone Arctic96BD—2, AY028221 
deep-sea clone ctg_NISA048, DQ396292 

Rubritalea marina, DQ302104 

seawater clone SW4, DQ302105 

Rubritalea squalenifaciens, AB277853 


marine clone ANT18/2_7, AY135670 
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deep-sea clone ctg_BRRAA57, DQ395400 
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submarine hot spring mat clone pltb-vmat—43, AB294949 
industrial biofilter clone Bltii14, AJ318188 
zebrafish digestive tract clone aab52e08, DQ815271 
activated sludge clone Run—S4, AB247465 
uncultured clone m43, AY444984 
glacier clone PIC-D19, DQ418537 
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human feces clone RL305 aal88e09, DQ799636 
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rabbit cecum clone NED3C2, EF445140 
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Prosthecobacter dejongeii, U60012 

Prosthecobacter fusiformis, U60015 

Prosthecobacter debontii, U60014 
water downstream of manure clone 259ds10, AY212708 
r— Prosthecobacter sp. HAQ—1, AB305640 
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Prosthecobacter vanneervenii, U60013 
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Verrucomicrobium spinosum, X90515 
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FIGURE 134. Maximum likelihood phylogeny of Verrucomicrobia with heuristic correction showing nearly complete 16S rRNA gene sequences 
present in version 91 of the SILVA database (Pruesse et al., 2007). All class-level groups were included, but all those except the Verrucomicrobiae were 
wedged. The phylogeny was produced by using ARB (Ludwig et al., 2004) using Escherichia coli 16S rRNA gene nucleotides 110-1274. Alignments 
were unmasked. 
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Ver.ru.co.mi.cro.bi.a'les. N.L. neut. n. Verrucomicrobium type genus of the order; -ales 
ending to denote an order; N.L. fem. pl. n. Verrucomicrobiales the order of the genus 


Verrucomicrobium 


Encompasses bacteria isolated from freshwater or marine 
aquatic ecosystems and from animal feces, within the class Verru- 
comicrobiae. The order contains the families Verrucomicrobiaceae, 
Akkermansiaceae, and Rubritaleaceae. Delineation of the order is 
determined primarily by phylogenetic information from 16S 
rRNA gene sequences. All stain Gram-negative and have a Gram- 
negative cell structure. All are chemoorganotrophic. Includes 
obligate aerobes, facultative anaerobes, and strict anaerobes. 

Type genus: Verrucomicrobium Schlesner 1988, 221%” 
(Effective publication: Schlesner 1987, 56.). 
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nov., Roseibacillus ishigakijimensis gen. nov., sp. nov., Roseibacillus ponti 
sp. nov., Roseibacillus persicicus sp. nov., Luteolibacter pohnpeiensis gen. 
nov., sp. nov. and Luteolibacter algae sp. nov., six marine members of 
the phylum ‘Verrucomicrobia , and emended descriptions of the class 
Verrucomicrobiae, the order Verrucomicrobiales and the family Verrucomi- 
crobiaceae. Int. J. Syst. Evol. Microbiol. 58: 998-1007. 


Family |. Verrucomicrobiaceae Ward-Rainey, Rainey, Schlesner and Stackebrandt 1996, 625V* 
(Effective publication: Ward-Rainey, Rainey, Schlesner and Stackebrandt 1995, 3249.) emend. 
Yoon, Matsuo, Adachi, Nozawa, Matsuda, Kasai and Yokota 2008, 1002 
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Ver.ru.co.mi.cro.bi.a.ce’ae. N.L. neut. n. Verrucomicrobium type genus of the family; L. suff. -aceae 
ending to denote a family; N.L. fem. pl. n. Verrucomicrobiaceae the Verrucomicrobium family 


Prosthecate cells with fimbriae. Rod- or vibrioid-shaped; cells 
may be fusiform. Nonsporeforming. Nonmotile. Cells stain 
Gram-negative and have a Gram-negative cell structure. Aerobic or 
facultatively anaerobic via fermentation. Mesophilic. Chemoor- 
ganotrophic. Saccharolytic. Use predominantly mono- and 
disaccharides and their derivatives. Menaquinones are the only 
respiratory quinones that have been detected. 

DNA G+C content (mol % ): 54-60. 

Type genus: Verrucomicrobium Schlesner 1988, 221" (Effective 
publication: Schlesner 1987, 56.). 


Further descriptive information 


Encompasses bacteria isolated from freshwater lakes and asso- 
ciated 16S rRNA gene sequences recovered from freshwater 
environments and soils within the order Verrucomicrobiales. 
Delineation of the family is determined primarily by phylogenetic 
information from 16S rRNA gene sequences. 


Key to the genera of the family 
Verrucomicrobiaceae 


1. The DNA G4C content is 58-59 mol%. Cells are rod-shaped 
with many short («2 um) prosthecae. Fimbriae extend from 
tips of prosthecae. Growth on monosaccharides or disaccha- 
rides as carbon and energy sources aerobically or via fermen- 
tation without gas production. Isolated from fresh water or 
brackish environments. 

— Genus I. Verrucomicrobium 


2. The DNA G+C content is 54-60 mol%. Fusiform cells are 
rod- or vibrioid-shaped with a single prostheca extending 
from the old pole of the cell. Growth on monosaccharides 
or disaccharides under aerobic conditions. Unable to grow 
anaerobically. Isolated from freshwater environments. 

— Genus II. Prosthecobacter 


Genus l. Verrucomicrobium Schlesner 1988, 221”? (Effective publication: Schlesner 1987, 55.) 


HEINZ SCHLESNER 


Ver.ru.co.mi.cro'bi.um. L. fem. n. verruca wart; N.L. neut. n. microbium (from Gr. adj. mikros small and Gr. n. 
bios life), a microbe; N.L. neut. n. Verrucomicrobium warty microbe. 


Unicellular bacterium, rod shaped with numerous prosthecae 
extending from all locations on the cell surface. Fimbriae varying 
in length and number extrude from the tips of the prosthecae. 
Gram-stain-negative; nonmotile. Nonsporeforming. PHB is not 
stored. No gas vesicles. Mesophilic. Chemoorganotrophic; facul- 
tatively anaerobic. Glucose is fermented; nitrate is not reduced 
under anaerobic conditions. Oxidase and catalase positive. The 
cell wall contains m-diaminopimelic acid. The main respiratory 
quinone is MK10. MK9, MK10(H,), and MK11 are minor qui- 
nones. Major fatty acids are C, ,,, C,,,, iso, Ci; anteiso, C. Ci, 
5, Ciso C,,, 912. The major phospholipids are phosphatidylg- 
lycerol and phosphatidylmethylethanolamine. 

DNA G+C content (mol % ): 58-59. 

Type species: Verrucomicrobium spinosum Schlesner 1988, 
221%” (Effective publication: Schlesner 1987, 55.). 


Further descriptive information 


Verrucomicrobium spinosum is the only described species of Verru- 
comicrobium. Bacteria with multiple prosthecae are grouped in 
different phyla: the phototrophic Ancalochloris (Gorlenko and 


Lebedeva, 1971) and Prosthecochloris (Gorlenko, 1970) are mem- 
bers of the phylum Chlorobi (Garrity and Holt, 2001), while the 
heterotrophic bacteria Ancalomicrobium, Prosthecomicrobium (Staley, 
1968), and Stella (Vasilyeva, 1985) are Proteobacteria (Garrity 
and Holt, 2001). None of the above, however, has fimbriate 
prosthecae as does Verrucomicrobium spinosum (Figure 135; 
Schlesner, 1992). 

Prosthecate bacteria with fimbriae extending from the tips of 
prosthecae have rarely been observed. Such bacteria occurred 
in an enrichment culture of Lake PluBsee water to which vita- 
min solution no. 6 (see below) was added (P. Hirsch, Kiel, per- 
sonal communication). Lake Plufsee is a small eutrophic lake 
near Plón, Holstein, Germany. The type strain of Verrucomicro- 
bium spinosum was isolated from Lake Vollstedter See (Holstein, 
Germany), a shallow (max. depth 2 m) eutrophic lake. Another 
strain came from the Schrevenparkteich, a pond in a public park 
in Kiel, Germany. This pond was very eutrophic because flocks of 
water fowl lived there and were fed by visitors to the park. 

Isolates of Verrucomicrobium utilize the following for carbon 
and energy: esculin, amygdalin, cellobiose, fructose, galactose, 
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FIGURE 135. Morphology of Verrucomicrobium spinosum. Numerous 
fimbriae are excreted from the tips of short conical and tube-like 
prosthecae. Negatively stained with phosphotungstic acid. 


glucose, glucuronate, glycerol, lactose, maltose, mannose, 
melibiose, melizitose, N-acetylglucosamine, raffinose, rham- 
nose, salicin, sucrose, and trehalose. Amino acids and sugar 
alcohols are not utilized. The following are fermented with 
acid but no gas production: cellobiose, fructose, galactose, 
glucose, lactose, maltose, mannose, melibiose, N-acetyl- 
glucosamine, rhamnose, sucrose, and trehalose. No growth 
occurs on acetate, adipate, D-arabinose, L-arabinose, aspartic 
acid, butyrate, caproate, ethanol, formate, fucose, glutamic 
acid, glutamine, histidine, p-hydroxybutyrate, inositol, inulin, 
lactate, lyxose, malate, mannitol, methanol, 2-oxoglutarate, 
proline, propionate, pyruvate, ribose, serine, sorbitol, sorbose, 
succinate, threonine, and valerate. Ammonia, N-acetylglu- 
cosamine, nitrate, and urea are used as sole nitrogen sources. 
Gelatin and starch are hydrolyzed, but casein and Tween 80 
are not. Phosphatase and urease are produced. However, 
thiosulfate is not reduced to H,S, and ammonia is not pro- 
duced from peptone. 

Oligonucleotide cataloging and reverse transcriptase 
sequencing of 16S rRNA (Albrecht et al., 1987) as well as 
sequencing of the 5S rRNA (Bomar and Stackebrandt, 1987) 
indicates that Verrucomicrobium spinosum is a representative of a 
novel phylum. This finding is supported by the sequence ana- 
lyzes of 16S rRNA (Ward-Rainey et al., 1995) and 23S rRNA 
(Ward et al., 2000) genes. The presence of dnaK (HSP70) mul- 
tigene family was reported (Ward-Rainey et al., 1997). 


Enrichment and isolation procedures 


Verrucomicrobium species can be enriched in Erlenmeyer flasks 
with 50 ml of enrichment medium over a sediment of CaCO,. 
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Enrichment medium: Macetylglucosamine, 1.0 g; Hutner's 
basal salts (Cohen-Bazire et al., 1957), 20 ml; vitamin solution 
no. 6 (Staley, 1968), 10 ml. Combine ingredients, dilute to 1 
1 with distilled water, and adjust pH to 9.7. Autoclave, cool to 
room temperature, then add NaH,PO,-H,O aseptically to give 
a concentration of 0.65 mmol/liter. 

Upcoming colonies have to be examined microscopically 
for prosthecate cells. This is conveniently done by applying the 
time-saving toothpick-procedure (Hirsch et al., 1977) which 
even allows the examination of very small colonies: A sterile 
wooden toothpick is dipped onto a colony and then on the agar 
surface of a Petri dish containing the appropriate medium, 
thus inoculating the agar. To allow inoculation of a single Petri 
dish with bacteria from a large number of colonies, a grid can 
be drawn with a marker on the backside of the Petri dish with 
areas of about 5 x 5 mm. After inoculation of the agar medium, 
the toothpick generally contains enough bacteria to prepare a 
smear for microscopic examination. Three specimens can be 
placed on one slide. Prosthecate bacteria from positive colonies 
will be isolated by subsequent streaks on agar-solidified medium 
M13 (for recipe see chapter “Genus Blastopirellula"). 


Maintenance procedures 


The strains can be kept on agar slants with M13 at 4—6°C for 
several months. For long-term preservation, lyophilization or 
storage in liquid nitrogen is recommended. Deep freezing at 
-70°C with 50% glycerol is also possible. 


Differentiation of the genus Verrucomicrobium 
from other closely related taxa 


Verrucomicrobium is easily distinguished from the anaerobic pho- 
totrophic genera Ancalochloris and Prosthecochloris and also from 
the heterotrophic genus Stella that normally has six appendages 
lying in one plane. The most morphologically similar genera 
are Ancalomicrobium and Prosthecomicrobium. The major pheno- 
typic features for differentiation of Verrucomicrobium are the fim- 
briae extruding from the tips of the prosthecae, which are not 
found in the genera Ancalomicrobium and Prosthecomicrobium. The 
respiratory quinones of Verrucomicrobium spinosum are menaqui- 
nones while in the genera Ancalomicrobium, Prosthecomicrobium, 
and Stella only ubiquinone Q10 was found (Sittig and Schlesner, 
1993). Another important feature is the DNA base ratio which 
is considerably lower in Verrucomicrobium (Table 154). 


Further reading 


Schlesner, H., C. Jenkins and J.T. Staley. 2005. The phylum 
Verrucomicrobia: a phylogenetically heterogeneous bacte- 
rial group. In The Prokaryotes: an Evolving Electronic 
Resource for the Microbiological Community, 3rd edn 
(edited by Dworkin). Springer, New York. 


TABLE 154. Characteristics differentiating Verrucomicrobium from Ancalomicrobium and Prosthecomicrobium* 

Characteristic Verrucomicrobium Ancalomicrobium Prosthecomicrobium 
Short prosthecae (<2 um) + - D 

Fimbriae from tips of prosthecae + = = 

Colony color Light yellow Chalky white Colorless, yellow or pink 
Fermentation of glucose + + = 

G+C content of DNA 58-59 70.4 64-70 


“Symbols: +, yes; —, no; D, varies depending on species. 
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List of species of the genus Verrucomicrobium 


1. Verrucomicrobium spinosum Schlesner 1988, 221%” (Effective 
publication: Schlesner 1987, 55.) 


spi'no.sum. L. neut. adj. spinosum thorny, spiny. 


Cells measure 0.8-1.0 x 1.0-3.8 um. Conical prosthecae 
with a length of about 0.5 um extend in all directions from 
the cell surface. Occasionally, one or two longer prosthecae 
(up to 2 um) may occur, and often one of them is polarly 
inserted. These prosthecae are more or less tube-like. Colo- 
nies on medium M 13 are light yellow. Growth is optimal 
between 26 and 33°C, and the maximum growth temper- 
ature is 34°C. The organism is stenohaline (i.e., able to 
tolerate artificial sea water up to a salinity of 17%o or 1% 


(w/v) NaCl). Only a limited number of substrates can be 
utilized as the sole carbon and energy source, mainly hexo- 
ses, di- or trisaccharides, or derivatives of glucose. C,- or C,- 
compounds are not utilized, nor are fatty acids or amino 
acids. Various sugars are fermented without gas formation. 
Nitrate is not reduced under anaerobic conditions. 

Other characters are listed in Table 154. The chemical 
composition is identical to that in the genus description. 

DNA G+C content (mol %): 59 (T). 

Type strain: ATCC 43997, DSM 4136, IFAM 1439. 

Sequence accession no. (16S rRNA gene): X90515. 


Genus ll. Prosthecobacter Staley, de Bont and de Jonge 1980, 595”? (Effective publication: Staley, 
de Bont and de Jonge 1976, 341.) 


BRiAN P. HEDLUND 


Pros.the.co.bac'ter. Gr. fem. n. prosthece appendage; N.L. masc. n. bacter masc. form of Gr. neut. n. baktron 
rod; N.L. masc. n. Prosthecobacter appendage (-producing) rod. 


Unicellular, Gram-stain-negative, fusiform rod shaped to vibri- 
oid bacteria with a single polar prostheca. Nonmotile. Prosthecae 
do not branch and do not bear buds. Cells attach to various 
substrata by a holdfast structure located at the distal tip of the 
prostheca. Reproduction by binary fission results in the forma- 
tion of a partially to fully differentiated prosthecate daughter 
cell which is a mirror image of the mother cell. Rosettes are rare 
in pure culture, and, when formed, are comprised of few cells. 
Chemoorganotrophic. Growth occurs in defined media using 
ammonium salts as nitrogen source and glucose as carbon 
source. Obligately aerobic. Catalase-positive. Cell wall contains 
m-diaminopimelic acid. Menaquinones are dominant respiratory 
quinones. 

DNA G+C content (mol 96): 54—60. 

Type species: Prosthecobacter fusiformis Staley, de Bont and 
de Jonge 1980, 595%” (Effective publication: Staley, de Bont and 
de Jonge 1976, 341.). 


Further descriptive information 


Prosthecobacter was originally described in the literature by 
Henrici and Johnson (1935) and isolated into pure culture 


many years later (de Bont et al., 1970). To date, only four strains 
have been isolated, and each represents a unique species within 
the genus. Prosthecobacter is obligately aerobic and saccharolytic, 
exhibiting strong growth on a variety of mono- and disaccha- 
rides (de Bont et al., 1970; Hedlund et al., 1997) (Table 155). 
During growth on the defined medium MMB (Staley et al., 
1976) with glucose, menaquinone MK-6(H,) was the major 
quinone detected (Hedlund et al., 1996). 

Electron microscopy shows that cells of Prosthecobacter has a 
cell structure that is typical of Gram-stain-negative prokaryotes 
and that Prosthecobacter appendages contain cytoplasmic material 
(Figure 136). The cells are heavily fibriated except for the distal 
tips of the prosthecae. 

Study of the 95% complete genome of Prosthecobacter dejongeii 
revealed genes highly homologous to alpha and beta tubulins in 
eukaryotes, denoted btuba (for bacterial tubulin a) and btubb (for 
bacterial tubulin B) (Jenkins et al., 2002), and homologs of these 
are found in other Prosthecobacter species, including two homologs 
of each tubulin in Prosthecobacter debontii (Pilhofer et al., 2007). 
These genes are genuine tubulin homologs since they share 
higher primary sequence homology to eukaryotic tubulins than 


TABLE 155. Characteristics differentiating species of the genus Prosthecobacter* 


Characteristic P. fusiformis P. debontii P. dejongeii P. vanneervenii 
Utilization of: 
N-Acetylglucosamine = + + + 
p-Arabinose + + _ + 
p-Fructose _ + _ + 
p-Glucosamine _ _ _ + 
Glycogen = = + + 
p-Raffinose - - - + 
p-Ribose - t + + 
DNA G+C content (mol%) 56.1 57.1 54.6 60.1 
Growth temperature range (°C) 4-40 8-38 1-35 10-38 
Generation time in MMB (h)^ nd nd 6 24 


“Symbols: +, >85% positive; —, 0-15% positive; nd, not determined. 
"Staley et al. (1976). 
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FIGURE 136. Phase-contrast micrographs of the four species of Prosthecobacter. (a) Prosthecobacter fusiformis (FC4); 
(b) Prosthecobacter vanneervenii (FC2); (c) Prosthecobacter debontii (FC3); (d) Prosthecobacter dejongeii (FC1). Bar = 
10 um. (Reproduced with permission from Staley et al., 1976. Antonie van Leeuwenhoek 42: 333-342.) 


they do to the bacterial tubulin homolog ftsZ. In addition, the 
putative amino acid sequences for BtubA and BtubB possess 9 
of 9 motifs specific for tubulin and only 2-3 of the 6 FtsZ signa- 
ture motifs. The presence of tubulin genes in the Prosthecobacter 
genome indicates a shared ancestry between verrucomicrobia 
and eukaryotes either through lateral gene transfer or larger 
genome fusion as may occur through an ancient endosymbiosis. 
The finding that Prosthecobacter contains few eukaryotic signature 
proteins suggests the former (Staley et al., 2005). The observation 
that microtubule-like structures in the verrucomicrobial ecto- 
symbiont of the ciliate Euplotidium cross-react with anti-tubulin 
antibodies, and the demonstration that polymerization of these 
microtubule-like structures is sensitive to nocodazole and low 
temperature (4°C) provides a clue that tubulins may be found 
elsewhere within the verrucomicrobia (Petroni et al., 2000). 
However, the putative tubulin homologs in Euplotidium symbionts 
have not been sequenced, and tubulin homologs are absent from 
the genome of Verrucomicrobium (Pilhofer et al., 2007). 

Some work has been done to try to elucidate the function 
of Prosthecobacter tubulins. Jenkins et al. (2002) showed that the 
tubulins are cotranscribed along with a third gene that is highly 
homologous to a kinesin light chain; kinesin is the the motor 
protein for microtubule motor protein in eukaryotes. However, 
Prosthecobacter tubulins overexpressed in Escherichia coli do not 
cross-react with antibovine tubulin antibodies, and no microtu- 
bule-like structures are visible in electron micrographs (Jenkins 
et al., 2002). Comparative modeling suggested Prosthecobacter 
tubulins are more stable as monomers than dimers, suggest- 
ing polymerization does not occur (Jenkins et al., 2002); how- 
ever, they were subsequently shown to form protofilaments in 
Escherichia coli with equimolar amounts of BtubA/B (Schlieper 
et al., 2005; Sontag et al., 2005). Like eukaryotic microtubules, 


BtubA/B protofilaments are GTP and magnesium-dependent; 
however, unlike eukaryotic tubulins BtubA/B, protofilaments 
form in vitro without chaperones (Schlieper et al., 2005). Crystal 
structures of both BtubA and a BtubA/B have been solved con- 
firming they are highly similar to eukaryotic tubulins, including 
surface loops (Schlieper et al., 2005). Unfortunately, the role of 
BtubA/B in Prosthecobacter remains unknown. 


Phylogeny and classification. Only four strains of Prostheco- 
bacter have been isolated, each representing a distinct species 
according to DNA-DNA hybridization, 16S rDNA homologies 
of 94.6-97.9%, and morphological and phenotypic differ- 
ences (Hedlund et al., 1997). The genus is clearly distinct from 
the most closely related cultivated organism, Verrucomicrobium 
spinosum, since Prosthecobacterforms a monophyletic clade and is 
morphologically and physiologically distinct. 


Enrichment and isolation procedures 


Isolation of Prosthecobacterinto pure culture requires persistence 
and patience. Only four isolates have been described in the 
literature. Three of the four Prosthecobacter strains were isolated 
by enriching heterotrophs in freshwater samples using the 
enrichment procedure of Houwink (1951) by adding peptone 
to 0.0196 to the water sample and incubating 1-3 weeks. When 
Prosthecobacter cells were visible in the enrichment, the sample 
was streaked onto the same medium solidified with 1.596 agar. 
Colonies were screened by phase-contrast microscopy. 


Maintenance procedures 


Lyophilized cultures stored at -20*C have been revived after at 
least 20 years of storage. In addition, cultures containing MMB 
supplemented with 15% glycerol (v/v) and stored at -80°C 
have been successfully revived after several years. 
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Procedures for testing special characteristics 


For determination of carbon substrates, Hedlund et al. (1997) 
added filter-sterilized substrates to 0.2% (w/v) to the defined 
medium MMB (Staley et al., 1976) in microtiter wells and mea- 
sured growth at 3-, 5-, and 10-d incubations at room temperature. 


Differentiation of the genus Prosthecobacter 
from other closely related taxa 


Prosthecobacter can be distinguished from other heterotrophic 
prosthecate bacteria based on morphology and motility. Prosthe- 
comicrobium, Ancalomicrobium, and Verrucomicrobium possess many 
prosthecae per cell, allowing differentiation from singly prosth- 
ecate Prosthecobacter. Caulobacter and Asticcacaulus are similar in 
possessing a single polar or subpolar prostheca yet they divide 
asymmetrically, yielding a motile non-stalked daughter cell and 
a sessile stalked mother cell. Prosthecobacter, like its relative Ver- 
rucomicrobium, is heavily fibriate and Prosthecobacter prosthecae 
are distinct from Caulobacter and Asticcacaulus because they lack 
crossbands and possess a bulbous tip (Figure 137). Prostheco- 
bacter and its close relative Verrucomicrobium can also be distin- 
guished from the prosthecate Alphaprotoebacteria based on the 
predominance of menaquinones for respiration, rather than 
ubiquinones. Due to the morphological diversity within the 
genus, presumptive Prosthecobacter isolates should be identified 
by 16S rDNA sequencing or other molecular method. 


Taxonomic comments 


Prosthecobacter was observed in freshwater samples by Henrici 
and Johnson (1935), who described them as the "fusiform type" 
of Caulobacter, and, prior to phylogenetic studies, the organisms 
were referred to in the literature as "fusiform caulobacters". 
Given their phylogenetic position in the Verrucomicrobia, it 
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FIGURE 137. Shadowed electron micrograph of Prosthecobacter van- 
neervenii showing numerous radiating fimbriae and distinctive bulbs at 
prostheca tips (arrow). Bar = 2 um. (Reproduced with permission from 
Hedlund et al., 1996. Int. J. Syst. Bacteriol. 46: 960-966.) 


is clear Prosthecobacter is phylogenetically unrelated to the 
Alphaproteobacteria Caulobacter and. Asticcacaulus. 


Further reading 


Schlieper, D., M.A. Oliva, J.M. Andreu and J. Lowe. 2005. Struc- 
ture of bacterial tubulin BtubA/B: evidence for horizontal 
gene transfer. Proc. Natl. Acad. Sci. U. S. A. 102: 9170-9175. 


List of species of the genus Prosthecobacter 


1. Prosthecobacter fusiformis Staley, de Bont and de Jonge 
1980, 595%? (Effective publication: Staley, de Bont and de 
Jonge 1976, 341.) 


fu.si.for'mis. L. n. fusus spindle; L. masc. adj. suff. -formis 
(from L. n. forma shape, form) -like, in the shape of; N.L. 
masc. adj. fusiformis spindle-shaped. 

Fusiform cells are usually straight, long (3-10 uM), and 
thin (0.5 uM). Carbon sources include D-glucose, D-galactose, 
D-mannose, D-sucrose, D-actose, D-melibiose, D-maltose, 
p-xylose, L-rhamnose,  p-trehalose,  cellobiose, and 
D-arabinose. Vitamins not required for growth. Tempera- 
ture range for growth 4—40*C. Colonies of type strain are 
yellow, opaque, circular, convex, and with entire margins. 

DNA G+C content (mol96): 56.1 (Bd). 

Type strain: FC4, ATCC 25309. 

Sequence accession no. (16S rRNA gene): U60015. 


2. Prosthecobacter debontii Hedlund, Gosink and Staley 1998, 
327V* (Effective publication: Hedlund, Gosink and Staley, 
1997, 35.) 


de.bon'ti.i. N.L. masc. gen. n. debontii of de Bont, named in 
honor of J.A.M. de Bont, a Dutch microbiologist who iso- 
lated and described the first member of the genus, Prosth- 
ecobacter fusiformis (FC4). 


Fusiform cells are usually vibrioid, short (2-8 uM) and 
thick (0.5 uM). Carbon sources include p-glucose, p-galac- 
tose, D-mannose, D-sucrose, D-lactose, D-melibiose, p-malt- 
ose, D-xylose, L-rhamnose, p-trehalose, cellobiose, p-ribose, 
p-arabinose, D-fructose, and N-acetylglucosamine. Vitamins 
not required for growth. Temperature range for growth is 
4—40°C. Colonies of type strain are yellow, opaque, circular, 
convex, and with entire margins. 

DNA G+C content (mol % ): 57.1 (Bd). 

Type strain: FC3, ATCC 700200. 

Sequence accession no. (16S rRNA gene): U60014. 


3. Prosthecobacter dejongeii Hedlund, Gosink and Staley 
1998, 327°” (Effective publication: Hedlund, Gosink and 
Staley, 1997, 36.) 


de.jon.ge’i.i. N.L. masc. gen. n. dejongeii of de Jonge, named 
in honor of Klaaske de Jonge, a Dutch microbiologist who 
studied Prosthecobacter. 


Fusiform cells are usually straight, long (3-10 uM), and 
thick (1.0 uM). Carbon sources include p-glucose, p-galac- 
tose, D-mannose, D-sucrose, D-lactose, D-melibiose, p-malt- 
ose, D-xylose, L-rhamnose, p-trehalose, cellobiose, p-ribose, 
glycogen, and Nacetylglucosamine. Vitamins not required 
for growth. Temperature range for growth is 1-35*C. Colonies 
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of type strain are pale yellow, opaque, circular, convex, and 
with entire margins. 

DNA G+C content (mol % ): 54.6 (Bd). 

Type strain: FC1, ATCC 27091. 

Sequence accession no. (16S rRNA gene): U60012. 


4. Prosthecobacter vanneervenii Hedlund, Gosink and Staley 
1998, 327°” (Effective publication: Hedlund, Gosink and 
Staley, 1997, 37.) 


van.ne.erve'nii. N.L. masc. gen. n. vanneervenit of van 
Neerven, named in honor of Alex van Neerven, a Dutch 
microbiologist who studied Prosthecobacter and other prosth- 
ecate bacteria. 
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Family Il. Akkermansiaceae fam. nov. 


BRiAN P. HEDLUND AND MuRiEL DERRIEN 


Ak.ker.man.si.a.ce'a.e. N.L. fem. n. Akkermansia type genus of the family; L. suff. -aceae ending to 
denote a family; N.L. fem. pl. n. Akkermansiaceae the Akkermansia family. 


Ovoid cells. Nonsporeforming. Nonmotile. Cells stain Gram- 
negative and have a Gram-negative cell structure. Strictly 
anaerobic. Mesophilic. Chemoorganotrophic and obligately 
fermentative. Able to ferment mucin. 

DNA G+C content (mol % ): 47.6. 

Type genus: Akkermansia Derrien, Vaughan, Plugge and de 
Vos 2004, 1474°". 


Encompasses bacteria isolated from the human intestine 
and associated 16S rRNA gene sequences recovered from 
intestines or feces of humans and other mammals within the 
order Verrucomicrobiales. Delineation of the family is deter- 
mined primarily by phylogenetic information from 16S rRNA 
gene sequences. Currently, the family includes only the genus 
Akkermansia. 


Genus |. Akkermansia Derrien, Vaughan, Plugge and de Vos 2004, 1474"? 


MuniEL DERRIEN, CAROLINE M. PLucGE, WiLLEM M. DE Vos AND Erwin G. ZOETANDAL 


Ak.ker.man'si.a. N.L. fem. n. Akkermansia named after Antoon Akkermans, Dutch microbiologist recognized 


for his contribution to microbial ecology. 


Oval-shaped cells, occurring singly, in pairs, and rarely in chains, 
about 0.6 um x 0.7 um. Gram-stain-negative. Nonmotile. Strictly 
anaerobic. Colonies are distinct, whitish in color, and reach 
maximum size on 0.75% agar plates after 6 d of incubation. 
Cells grow optimally at 37°C and pH 6.5. Growth is chemoor- 
ganotrophic and restricted to a small number of sugars. Acetate, 
propionate, and ethanol are the major fermentation products 
from mucin. Mucolytic in pure culture. 

The 16S rRNA gene sequence indicates that the genus Akker- 
mansia belongs to the phylum Verrucomicrobia and, together with 
the genera Verrucomicrobium and Prosthecobacter, belongs to the 
order Verrucomicrobiales. 

DNA G+C content (mol % ): 47.6. 

Type species: Akkermansia muciniphila Derrien, Vaughan, 
Plugge and de Vos 2004, 1474". 


Further descriptive information 


For the growth of Akkermansia, a mucin based medium is recom- 
mended. In active cultures, Akkermansia appears oval-shaped 
(Figure 138), with diameter of 0.7 um in light microscopy. It 
is usually detected in pairs or aggregates and rarely in chains. 
The doubling time of the strain is approximately 1.5 h in mucin 
medium. Akkermansia forms round and white colonies that are 
about 0.7 mm in diameter after 6 d of anaerobic incubation in 
0.75% agar. No motility is observed under the microscope. Fila- 
ments have been observed by electronic microscopy and can be 
attributed to extracellular polymers. During mucin fermenta- 
tion, acetate, propionate, and ethanol are produced as major 
end products. No growth is observed on glucose, cellobiose, 
lactose, galactose, xylose, fucose, rhamnose, maltose, succinate, 
acetate, fumarate, butyrate, lactate, casitone, Casamino acids, 
tryptone, peptone, yeast extract, proline, glycine, aspartate, 
serine, threonine, glutamate, alanine, Nacetylglucosamine, or 
Nacetylgalactosamine. The only mucin-free medium known to 
support growth contains peptone, yeast extract, tryptone, casi- 
tone, Macetylglucosamine, N-acetylgalactosamine, and glucose. 

The type species, Akkermansia muciniphila, was originally iso- 
lated from a fecal sample from a healthy volunteer. 

Consistent with other studies in which Akkermansia was found 
in different 16S rRNA clone libraries, the bacterium accounted 


FIGURE 138. Scanning electronic micrograph of the type strain, Akker- 
mansia muciniphila, grown in mucin medium. Bar = 1 um. 


for around 1% of the total fecal cells (Derrien et al., submitted). 
Akkermansia was detected in many fecal and intestinal samples 
(Hayashi et al., 2002; Hold et al., 2002; Salzman et al., 2002; 
Nelson et al., 2003; Mangin et al., 2004; Eckburg et al., 2005; 
R.A. Hutson and M.D. Collins, not published). Akkermansia has 
never been detected in environmental samples such as water, 
soil, or anaerobic digesters from which most of the Verrucomicrobia 
members are isolated. 


Enrichment and isolation procedures 


Akkermansia can be enriched using a bicarbonate buffered min- 
eral salts medium prepared according to Plugge (2005). This 
basal medium is supplemented with 0.25% (v/v) commercial 
hog gastric mucin purified with ethanol precipitation (Hoskins 
and Boulding, 1981). Growth is optimal at 37°C under strict 
anaerobic conditions provided by a gas phase of 182 kPa 
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(1.8 atm.) N,/CO, (80:20, v/v). Growth in liquid cultures is 
apparent after 1 d. Isolated colonies can be obtained by inocu- 
lating a liquid culture into the same medium containing 0.75% 
agar and incubating the bottles for about 6 d. 


Maintenance procedures 


Akkermansia can be stored in basal medium containing mucin 
for several months at 4°C under anaerobic conditions. For long- 
term storage, cultures can be maintained at -80°C in mucin 
medium containing 25% glycerol as a cryoprotectant, or they 
can be freeze-dried. 


Procedures for testing special characteristics 


Based on the Akkermansia 16S rRNA gene sequence, a spe- 
cific 20-base-long oligonucleotide probe for fluorescent in situ 
hybridization (FISH) has been developed and validated against 
a panel of intestinal pure cultures (Table 156). The validation 
was done by increasing the stringency using formamide. The 
specific conditions of hybridization are 20% formamide at 50°C 
(Derrien et al., submitted). In addition, two specific primers for 
PCR were also designed based on the 16S rRNA gene sequence 
and validated: AM1 and AM2 (Table 156). They allow the 
amplification of a 300-bp fragment and were validated against 
intestinal clones and pure cultures. The optimum annealing 
temperature is 56°C (Derrien et al., submitted). 


Differentiation of the genus Akkermansia 
from other genera 


Based on the differences in the 16S rRNA sequences, Akkerman- 
sia can be clearly distinguished from other genera of the order 
Verrucomicrobiales (Figure 139), which includes Prosthecobacter 
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TABLE 156. Nucleic acid composition of the primers and probe 
specific to the type species Akkermansia muciniphila 168 rRNA gene 
sequence 


Designation Sequence (5' — 9") Direction 

AMI (PCR primer) CAG CAC GTG AAG Forward 
GTG GGG AC 

AM2 (PCR primer) CCT TGC GGT TGG Reverse 
CTT CAG AT 

MUC 1437 (FISH CCTTGCGGTTGG 

probe) CTTCAGAT 


(Hedlund et al., 1997; Staley et al., 1976) and Verrucomicrobium 
(Schlesner, 1987). Although Akkermansia shares some com- 
mon features with Prosthecobacter and Verrucomicrobium (Gram- 
stain-negative, growth without vitamins), Akkermansia is clearly 
differentiated from the genera Prosthecobacter and Verrucomicro- 
bium with respect to its habitat (human versus environmental 
habitats), oxygen requirement (strict anaerobic versus strict 
aerobic), shape (oval-shaped versus rod-shaped), and DNA 
G+C composition (47.6 mol% vs. 54.6-60.1 mol% for Prostheco- 
bacter and 57.9-59.3 mol% for Verrucomicrobium). 


Taxonomic comments 


The nearly complete 16S rRNA gene sequence (1433 nt) of 
the type species of Akkermansia showed 99% identity to human 
colonic clones HuCA18 and HuCC13 (Hold et al., 2002) and 
mouse colonic clone L10-6 (Salzman et al., 2002). The most 
closely related cultivated species was Verrucomicrobium spino- 
sum, which is only distantly related (92% based on 16S rRNA 
sequence similarity). 


List of species of the genus Akkermansia 


1. Akkermansia muciniphila Derrien, Vaughan, Plugge and de 
Vos 2004, 1474? 


mu.ci.ni'phi.la. N.L. neut. n. mucinum mucin; N.L. adj. philus 
-a-um (from Gr. adj. philos -é-on) friend, loving; N.L. fem. adj. 
muciniphila mucin-loving. 

Cells are oval-shaped, nonmotile, and Gram-stain-nega- 
tive. The long axis of single cells is 0.6-0.7 um, depending 
on the growth substrate used. Cells occur singly, in pairs, in 
short chains, and in aggregates. Growth occurs at 20-40*C 
and pH 5.5-8.0, with optimum growth at 37°C and pH 6.5. 
Strictly anaerobic. Able to grow on gastric mucin, brain 
heart infusion (Difco), and Columbia broth (Difco), and 
on Nacetylglucosamine, Macetylgalactosamine, and glucose 
when these three sugars are in the presence of peptone, yeast 
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Akkermansia muciniphila ATCC BAA835, AY271254 
Human colonic clone HuCA18, AJ408970 
Mouse large intestinal clone L106, AJ400275 
Rubromonas marinus, DQ302104 
Elbe River clone DEVOO5, AJ401105 
Arctic bacteriopiankton clone, AY 028220 
Prosthecobacter dejongeii, 60012 
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Chthoniobacter flavus, AY388649 
Soil bacterium Ellin502, AY960765 
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bacterium Ellin516, AY960779 V3 
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Soil bacterium Ellin517, AY960780 
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Soil bacterium TAV4, AY587234 
Soil bacterium TAV2, AY587232 
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Alterococcus agarolyticus CCRC17102 (T), AF075271 
Fucophilus fucoidanoiyticus, AB073978 


Euplotidum ectosymbiont, Y 19169 


Deep sea sediment clone BD218, AB015546 V5 


Contaminated aquifer clone WCHB1~41, AF050560 


Rumen clone RFP12, AF001775 
Contaminated aquifer clone WCHB1-25, AF050559 
vent worm clone R103B35, AF449258 


Mono Lake clone ML1228J2, AF454309 
Rumen clone RFN44, AB009200 


Anaerobic digestor clone vadinBE97, U81707 
Victivallis vadensis ATCC BAAS48, AY049713 


Lentisphaerae 


Mono Lake clone, AFS07900 
Lentisphaera araneosa HTCC2155, AY390428 
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FIGURE 139. Phylogenetic neighbor-joining dendrogram showing the relationships of Akkermansia muciniphila with representatives of the phylum 


Verrucomicrobia. Bar = 0.1% sequence difference. 
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FAMILY Ill. RUBRITALEACEAE 


Family III. Rubritaleaceae fam. nov. 


Brian P. HEDLUND 


Ru.bri.ta.le.a.ce'a.e. N.L. fem. n. Rubritalea type genus of the family; L. suff. -aceae ending to denote 
a family; N.L. fem. pl. n. Rubritaleaceae the Rubritalea family. 


Coccoid or rod-shaped bacteria from marine habitats. Cells stain 
Gram-negative and have a Gram-negative cell structure. Non- 
motile. Obligately aerobic or facultatively anaerobic, reducing 
nitrate to nitrite. Oxidize a wide variety of organic molecules 
for growth. Menaquinones are the only respiratory quinones 
detected. 

DNA G+C content (mol % ): 47.7-52.4. 

Type genus: Rubritalea Scheuermayer, Gulder, Bringmann 
and Hentschel 2006, 2123W. 


Further descriptive information 


Encompasses bacteria isolated from marine habitats and associ- 
ated 16S rRNA gene sequences recovered from marine envi- 
ronments within the order Verrucomicrobiales. Delineation of the 
family is determined primarily by phylogenetic information 
from 16S rRNA gene sequences. Currently, the family is rep- 
resented only by the genus Rubritalea. 


Genus |. Rubritalea Scheuermayer, Gulder, Bringmann and Hentschel 2006, 2123"? 


Brian P. HEDLUND, JAEWOO YOON AND HiROAKI Kasai 


Ru.bri.ta'le.a. L. adj. ruber -bra -brum red; L. fem. n. talea a rod, staff; N.L. fem. n. Rubritalea a red-colored rod. 


Coccoid or rod-shaped bacteria from marine habitats. Gram- 
stain-negative; have a Gram-negative cell structure. Nonmotile. 
Obligately aerobic or facultatively anaerobic, reducing nitrate 
to nitrite. Colonies are red or pink in color due to carotenoids. 
Some produce squalene. Cell walls contain meso-diaminopimelic 
acid. Chemoorganotrophic. Oxidize a wide variety of organic 
molecules for growth. Most abundant cellular fatty acids are 
C,,,, 150,C,,, iso, and C,,, @7c (Table 157). Menaquinones are 
the only respiratory quinones detected, primarily MK-8 and 
ME-9. Phylogenetically, the genus belongs to the order Verruco- 
microbiales in the phylum * Verrucomicrobia". 

DNA G+C content (mol96): 47.7-52.4. 

Type species: Rubritalea marina Scheuermayer, Gulder, Bring- 
mann and Hentschel 2006, 21235". 


Further descriptive information 


The genus Rubritalea currently includes five species, including 
the type species Rubritalea marinus (Figure 140, Table 158). 
Each of the species of Rubritalea were isolated from marine 
environments, and all 16S rRNA gene sequences closely 
related to Rubritalea that have been recovered from cultiva- 
tion independent studies originate from marine samples. 
Therefore, all data suggest that this genus is an exclusive and 
widely distributed inhabitant of the marine environment, how- 
ever, it is noteworthy that not all species of Rubritalea require 
sodium ions. The natural habitat of Rubritalea species within 
the marine habitat is less clear. Four of the five species were 
isolated from marine invertebrates, including Rubritalea marina 
from homogenized tissue of the Mediterranean sponge Axinella 
polypoides (Scheuermayer et al., 2006), Rubritalea spongiae from 
an unidentified sponge off the coast of Japan (Yoon et al., 
2007), and Rubritalea squalenifaciens from Halichondria okadai 
off the coast of Japan (Kasai et al., 2007). In addition, Rubri- 
talea tangerina was isolated from homogenized visceral tissue 
from a sea hare (Yoon et al., 2007). In contrast, Rubritalea sabuli 
was isolated from marine sediment off the island of Pohnpei, 
part of the Federated States of Micronesia (Yoon et al., 2008). 
Scheuermayer et al. (2006) pointed out that sponges may not 


be the natural habitat of Rubritalea marina. Although sponges 
host specific and robust intracellular commensal populations, 
sponges are filter-feeders and therefore also concentrate plank- 
tonic microorganisms for phagocytocis. The authors recovered 
related 16S rRNA gene sequences from both bulk sea water 
and sponges from the location from which Rubritalea marina 
was isolated. There was no particular phylogenetic structure 
suggesting a specific association, suggesting Rubritalea marina 
may derive from the planktonic environment. An alternative 
hypothesis is that Rubritalea is a symbiont of sponges with a 
planktonic dispersal form, however, the isolation of species 
from visceral tissue of a sea hare and from marine sediments, 
and the lack of environmentspecific phylogenetic clustering 
within the genus, suggest this genus may be more widely dis- 
tributed in marine environments. 

Each of the species of Rubritalea produces red or pink non- 
diffusible pigments that are extractable in methanol, ethanol, 
and/or acetone. The acetone-extracted pigments of Rubritalea 
squalenifaciens have been the best characterized (Kasai et al., 
2007; Shindo et al., 2008). Carotenoid pigments were separated 
from squalene in acetone extracts by an HPLC/PAD (photo- 
diode array detection) /APCI (atmospheric pressure chemical 
ionization)-MS (mass spectrometry) system (TermoFinnigan). 
The carotenoid absorption maxima were at 312, 470, 490, and 
518 nm (Kasai et al., 2007). Further mass spectrometry work 
identified three novel acyl glyco-carotenoic acids, diapolyco- 
penedioic acid xylosyl esters, one of which was shown to have 
potent antioxidant activity in a singlet oxygen suppression 
model (Shindo et al., 2008). Rubritalea spongiae and Rubritalea 
tangerina contain the same pigments as shown by the HPLC/ 
PAD/APCI-MS system (Yoon et al., 2007). Rubritalea sabuli con- 
tained carotenoid with the same UV-visible absorption spec- 
trum, however, the HPLC retention time was different, and the 
molecule could not be identified by MS due to the presence of 
several different molecules in the extract (Yoon et al., 2008). 
Less work was done on the pigment of Rubritalea marina, how- 
ever, the absorption maximum at 495 nm suggests a similar 
carotenoid (Scheuermayer et al., 2006). 
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TABLE 157. Predominant membrane fatty acids in species of the genus Rubritalea* 


Fatty acid R. marina R. sabuli R. spongiae R. squalenifaciens R. tangerina 
Saturated: 
Cus nd <l «1 <l 2.9 
Gino 4.5 1 2.6 1.9 1.4 
Ci 23 2.5 73 4.4 23.1 
C un nd - 2.8 «1 1.1 
C uo nd - <l <l 2.4 
Unsaturated: 
C,,, 06c nd 2.1 2 1 <l 
C,,, @7¢ 21.5 7 11.8 7 12.7 
C, 07c nd - - - 1.5 
Branched: 
C,,, iso 22 49.4 40.6 43.1 35.5 
Ciso iso nd 29.1 16.1 20.6 12.2 
Cs anteiso 6 5.1 12.9 18.1 4.7 
C; anteiso nd 1.3 2 1.6 - 


"Symbols: +, >85% positive; —, 0-15% positive; nd, not described; —, not detected. Values are percentages of total fatty acid. 


FIGURE 140. Electron micrographs of cells of Rubritalea squalenifaciens strain HOact23*. (a) Scanning electron 
micrograph of cells growing on an agar medium. (b) Transmission electron micrograph of negatively stained 
whole cells. (c, d) Transmission electron micrographs of thin sections of cells; triangles and arrow heads point to 
cytoplasmic and outer membranes, respectively. Bars = 1 uum (a-c) and 500 nm (d). (Reproduced with permission 
from Kasai et al., 2007. Int. J. Syst. Evol. Microbiol. 57: 1630-1634.) 


Electron microscopy has identified possible buds in Rubri- 
talea marina. However, no such structures were identified 
in other species of Rubritalea, and it was suggested that the 
other species divide by binary fission. Electron microscopy 
has shown that Rubritalea has a Gram-negative cell structure 
(Figure 140). 


Enrichment and isolation procedures 


Each of the species of Rubritalea was isolated by directly plating 
mechanically homogenized samples (tissues of marine inverte- 
brates or sand) onto an unselective, complex, marine medium 
solidified with 1.5% agar. At present, no specific enrichment 
and isolation strategies are known for the genus. 
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TABLE 158. Characteristics differentiating species of the genus Rubritalea 


Characteristic R. marina R. sabuli 


R. spongiae R. squalenifaciens R. tangerina 


Isolation source 
Cell shape 
Colony color 
pH range 
Temperature range (°C) 
NaCl range (96) 
Production of: 
Catalase - t 
Oxidase t - 
Nitrate reduction 4 - 
Oxidation of: 
Acetic acid + + 
N-Acetyl-p-galactosamine m + 
4 


Marine sponge 
Coccoid or rod 
Red 
6.8-8.2 
8-30 
1.4-3.8 


Pink 
6.5-8.5 
10-37 
0-8 


N-Acetyl-p-glucosamine = 
cis-Aconitic acid _ _ 
Cellobiose + + 
Citric acid - - 
Dextrin 
Formic acid 
L-Fructose - t 
L-Fucose - - 
p-Glucuronic acid - 
p-Glucose + 
Glucose 1-phosphate = = 
Glucose 6-phosphate _ = 
Inosine - - 
a-Ketobutyric acid - = 
a-Ketoglutaric acid x u 
p-Mannitol _ 
p-Mannose 
Melibiose 
p-Sorbitol _ 
Succinic acid _ 
Trehalose - + 
Enzyme activity of: 
N-Acetyl-B-glucosaminidase = + 
Chymotrypsin = = 
Esterase (C4) 
Esterase lipase (C8) 
a-Fucosidase - - 


+ 


$ 


+ + 
NE 


Leucine arylamidase 
Trypsin + - 


E 
+ 


Marine sediment 
Coccoid or rod 


Marine sponge Marine sponge Sea hare 


Coccoid or rod Rod Coccoid or rod 
Reddish pink Reddish pink Reddish orange 
6.5-8 7.5-8.5 6.5-8.5 
4-37 15-37 15-37 
1-7 1-4 0-9 
+ + - 

+ + + 
+ + - 

+ _ _ 

- " = 
= 4 = 
+ _ + 
_ - + 
$ = _ 

+ - + 
_ + = 
+ + _ 

+ _ + 
_ _ + 
+ = = 
+ z z 
+ = E 
n L - 

_ _ + 
+ + E 
4 = z 
_ + z 
- + + 
_ + - 

2 =E = 
_ + _ 

+ £ = 
- + + 


Maintenance procedures 


For long-term storage, Rubritalea can be maintained at -80*C in 
75% artificial sea water medium containing 30% glycerol as a 
cryoprotectant or they can be freeze-dried. 


Differentiation of the genus Rubritalea from other genera 


Phylogenetically, the most closely related genera are Prosth- 
ecobacter, Verrucomicrobium, and Akkermansia within the order 


Verrucomicrobiales in the phylum * Verrucomicrobia" (Figure 141). 
The genus Rubritalea is differentiated from Prosthecobacter and 
Verrucomicrobium by 16S rRNA gene sequence similarity, habi- 
tat (marine vs freshwater), and by morphology. Both Prostheco- 
bacter and Verrucomicrobium are prosthecate and have fimbriae. 
Rubritalea is differentiated from Akkermansia by 16S rRNA gene 
sequence similarity, habitat (marine vs freshwater), and relation 
to oxygen; Akkermansia is a fermentative obligate anaerobe. 


List of species of the genus Rubritalea 


1. Rubritalea marina Scheuermayer, Gulder, Bringmann and 
Hentschel 2006, 2123V" 


ma.ri'na. L. fem. adj. marina of or belonging to the sea, 
marine. 

Description as for the genus. Coccoid or rod-shaped, and 
red in color. Able to reduce nitrate to nitrite. Able to grow 


in medium containing 60-160% ASW, at pH values 6.8-8.2 
and at temperatures 8-30°C. Menaquinones MK-8 and 
MK-9 are present. Catalase-negative. Oxidase-positive. Able 
to grow with glucose, xylose, melibiose, cellobiose, lactose, 
pyruvate, or pectin as the sole energy source under aerobic 
conditions. Positive for alkaline phosphatase, esterase (C4), 
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100 pRubritalea marina Pol01 2T (DQ302104) 
Seawater clone 4 (DQ302105) 
Rubritalea tangerina YM27-005' (AB297806) 
99 Rubritalea spongiae YM21-132' (AB297805) 
Rubritalea sabuli YM29-052' (AB353310) 


100 Rubritalea squalenifaciens HOact23" (AB277853) 


Marine clone SJC3.21 (DQ071119) 
Polychaete clone P. palm A 54 (AJ441243) 
Persicirhabdus sediminis YM20-087T (AB331886) 
Persicirhabdus sediminis YM21-151 (AB331887) 
-Roseibacillus ishigakijimensis MNI-741* (AB331 888) 
Roseibacillus ponti YM27-120' (AB331889) 
67| jRoseibacillus persicicus YM26-010! (AB331890) 
98 | Roseibacillus persicicus YM24-184 (AB331891) 
75!Roseibacillus persicicus YM20-122 (AB331892) 
uteolibacter algae A5J-41-2" (AB331893) 
Luteolibacter algae A5J-40 (AB331894) 
Luteolibacter pohnpeiensis A4T-83' (AB331895) 
Elbe river clone DEV005 (AJ401105) 
Crater lake clone CL500-85 (AF316731) 
Akkermansia muciniphila Muc ATCC BAA-835! (AY271254) 
Human colonic clone HuCa18 (AJ408970) 
97 rProsthecobacter fusiformis FC4 ATCC 253091 (U60015) 
100 Prosthecobacter dejongeii FC1 ATCC 27091" (U60012) 
Prosthecobacter debontii FC3i ATCC 700200! (U60014) 
Prosthecobacter vanneervenii FC2 ATCC 700199" (U60013) 
Verrucomicrobium spinosum DSM 4136! (X90515) 
Family ‘Xiphinematobacteriacea e (Subdivision 2) 
Subdivision 3 
Freshwater lake clone LD19 (AF009974) (Subdivision 6) 
Class Opitutae (Subdivision 4) 
Contaminated aquifer clone WCHB1-41 (AF050560) (Subdivison 5) 
Escherichia coli ATCC 117751 (X80725) 


Class Verrucomicrobiae 

Order Verrucomicrobiales 

Family Verrucomicrobiaceae 
(Subdivision 1) 


FIGURE 141. Neighbor joining tree showing the phylogenetic relationship of genus Rubritalea and related species of the family Verrucomicrobiaceae 
within the phylum “Verrucomicrobia’ based on 16S rRNA gene sequences. Numbers at nodes are percentage bootstrap values derived from 1000 rep- 
lications. Sequence determined in this study is shown in bold. The sequence of Escherichia coli ATCC 11775! was used as an outgroup. Bar = 2% esti- 
mated difference in nucleotide sequence position. (Modified with permission from Yoon et al., 2008. Int. J. Syst. Evol. Microbiol. 58: 992-997.) 


esterase lipase (C8), leucine arylamidase, trypsin, acid phos- 
phatase, naphthol-AS-Bl-phosphohydrolase, B-glucosidase, 
and p-galactosidase. Positive for oxidation of dextrin, p-cel- 
lobiose, D-fructose, D-galactose, o-D-glucose, D-mannose, 
p-melibiose, acetic acid, and formic acid. 

Source: the Mediterranean sponge Axinella polypoides. 

DNA G+C content (mol % ): 50.9 (HPLC). 

Type strain: Pol012, CIP 108984, DSM 177716. 

Sequence accession no. (16S rRNA gene): DQ302104. 


2. Rubritalea sabuli Yoon, Matsuo, Matsuda, Adachi, Kasai and 
Yokota 2008, 994V* 


sa'bu.li. L. gen. n. sabuli of sand. 


Description as for the genus. Obligately aerobic, not able 
to reduce nitrate to nitrite. Coccoid (0.6-0.8 um in diameter) 
or rod-shaped (0.5-1.0 x 1.2-1.5 um). Colonies grown on 
MA are circular, convex, and pink in color. The temperature 
range for growth is 10-37°C, with optimal growth at 30-37°C 
and no growth at 4 or 45°C. The pH range for growth is 
6.5-8.5. NaCl is not required for growth, but is tolerated 


up to 896 (w/v). The major respiratory menaquinones are 
MK-8 and MK-9. Catalase-positive. Oxidase-negative. Positive 
for alkaline phosphatase, leucine arylamidase, acid phos- 
phatase, naphthol-AS-BI-phosphohydrolase, and Nacetyl-B- 
glucosaminidase tests. Negative for esterase (C4), esterase 
lipase (C8), lipase (C4), valine arylamidase, cystine arylami- 
dase, trypsin, chymotrypsin, o-galactosidase, B-galactosidase, 
P-glucuronidase, o-glucosidase, B-glucosidase, o-mannosidase 
and a-fucosidase tests. Dextrin, Macetyl-p-galactosamine, 
Nacetyl-b-glucosamine, L-arabinose, cellobiose, D-fructose, 
D-galactose, gentiobiose, D-glucose, D-lactose, lactulose, 
maltose, D-mannose, melibiose, methyl B-p-glucoside, tre- 
halose, furanose, methyl pyruvate, acetic acid, D-glucuronic 
acid, succinic acid, alaninamide, r-alanine, r-alanyl glycine, 
L-glutamic acid, L-serine, and L-threonine are oxidized. 

Source: marine sediment on the island of Pohnpei, 
Micronesia. 

DNA G+C content (mol % ): 47.7 (HPLC). 

Type strain: YM29-052, KCTC 22127, MBIC08323. 

Sequence accession no. (16S rRNA gene): AB353310. 
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3. Rubritalea spongiae Yoon, Matsuo, Matsuda, Adachi, Kasai 


and Yokota 2007, 2339" 
spon.gi'ae. L. gen. n. spongiae of a sponge, referring to the 
isolation source of the microorganism. 
Description as for the genus. Cells are coccoid (0.6-1.0 um in 
diameter) or rod-shaped (0.5-1.0 x 0.8-1.2 um). Aerobic; not 
able to reduce nitrate to nitrite. Colonies on 1/2 strength R2A 
agar with 75% artificial sea water are circular, convex, and red- 
dish pink in color. The temperature range for growth is 4-37°C, 
with optimum growth at 30-37°C. No growth occurs at 45°C. 
The pH range for growth is 6.5-8.0. NaCl is required for 
growth; tolerates up to 7% (w/v) NaCl. Catalase- and 
oxidase-positive. Major respiratory menaquinones are MK-8 
and MK-9. Positive for alkaline phosphatase, acid phosphatase, 
naphthol-AS-BI-phosphohydrolase, and a-fucosidase. Negative 
for esterase (C4), esterase lipase (C8), lipase (C4), leucine 
arylamidase, valine arylamidase, cystine arylamidase, trypsin, 
chymotrypsin, o-galactosidase, p-galactosidase, f-glucuroni- 
dase, o-glucosidase, B-glucosidase, NMacetyl-p-glucosaminidase 
and a-mannosidase. p-Fructose, L-fucose, D-glucose, D-manni- 
tol, p-melibiose, p-sorbitol, acetic acid, cisaconitic acid, a-keto- 
butyric acid, o-ketoglutaric acid, inosine, and o-p-glucose 
1-phosphate are oxidized, but cyclodextrin, dextrin, glycogen, 
Tween 40, Tween 80, Macetyl-p-galactosamine, Macetylp- 
glucosamine, adonitol, L-arabinose, D-arabitol, cellobiose, iso- 
erythritol, D-galactose, gentiobiose, myo-inositol, o-p-actose, 
lactulose, maltose, D-mannose, methyl B-p-glucoside, D-psicose, 
p-raffinose, L-rhamnose, sucrose, trehalose, furanose, xylitol, 
pyruvic acid methyl ester, succinic acid monomethyl ester, citric 
acid, formic acid, D-galactonic acid lactone, p-galacturonic 
acid, p-gluconic acid, D-glucosaminic acid, p-glucuronic acid, 
a-hydroxybutyric acid, B-hydroxybutyric acid, y-hydroxybutyric 
acid, »hydroxyphenylacetic acid, itaconic acid, o-ketovaleric 
acid, pr-lactic acid, malonic acid, propionic acid, quinic acid, 
p-saccharic acid, sebacic acid, succinic acid, bromosuccinic 
acid, succinamic acid, glucuronamide, alaninamide, p-alanine, 
L-alanine, r-alanyl glycine, L-asparagine, L-aspartic acid, L-glu- 
tamic acid, glycyl L-aspartic acid, glycyl L-glutamic acid, L-histi- 
dine, hydroxy-L-proline, r-leucine, L-ornithine, L-phenylalanine, 
L-proline, L-pyroglutamic acid, p-serine, L-serine, L-threonine, 
DL-carnitine, y-aminobutyric acid, urocanic acid, uridine, thy- 
midine, phenylethylamine, putrescine, 2-aminoethanol, 
2,3-butanediol, glycerol, DL-o-glycerol phosphate, and p-glu- 
cose 6-phosphate are not oxidized. 

Source: an unidentified marine sponge. 

DNA G+C content (mol % ): 48.0 (HPLC). 

Type strain: YM21-132, KCTC 12906, MBIC08281. 

Sequence accession no. (16S rRNA gene): AB297805. 


. Rubritalea squalenifaciens Kasai, Katsuta, Sekiguchi, 
Matsuda, Adachi, Shindo, Yoon, Yokota and Shizuri 2007, 
1633” 
squa.le.ni.fa'ci.ens. N.L. n. squalenum squalene; L. part. adj. 
faciens producing, from L. v. facio to produce; N.L. part. 
adj. squalenifaciens squalene-producing. 

Description as for the genus. Cells are rod-shaped and 
red-pink in color. Able to reduce nitrate to nitrite. Grows in 
sea water medium containing 1-4% NaCl, at pH 7.5-8.5, and 
temperatures of 15-37°C. Menaquinones MK-8, MK-9 and 
MK-10 are present. The peptidoglycan in the cell wall contains 
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meso-diaminopimelic acid, glutamic acid, and alanine. Able 
to grow with Macetyl-b-glucosamine, D-galactose, D-glucose, 
lactose, melibiose, sucrose, or xylose as the sole carbon source 
under aerobic conditions. Positive for catalase, oxidase, alka- 
line phosphatase, esterase (C4), esterase lipase (C8), leucine 
arylamidase, chymotrypsin, acid phosphatase, naphthol- 
AS-BI-phosphohydrolase, and Macetyl-B-glucosaminidase. 
Produces acid from Nacetyl-p-galactosamine, N-acetyl-p- 
glucosamine, D-glucose, D-glucuronic acid, D-galactose, 
p-melibiose, and p-trehalose. 

Source: the marine sponge Halichondria okadai. 

DNA G+C content (mol96): 52.4 (HPLC). 

Type strain: HOact23, DSM18772, MBIC08254, NBRC 
103619. 

Sequence accession no. (16S rRNA gene): AB277853. 


. Rubritalea tangerina Yoon, Matsuo, Matsuda, Adachi, Kasai 


and Yokota 2007, 2340V* 


tan.ge'ri.na. N.L. fem. adj. tangerina tangerine, referring to 
the reddish-orange color of colonies. 


Description as for the genus. Coccoid (0.5-0.8 um in 
diameter) or rod-shaped (0.5-0.8 x 1.0-1.5 um). Facul- 
tatively anaerobic; able to grow on half strength R2A agar 
with 75% artificial sea water in an AnaeroPack (Mitsubishi 
Gas Chemical Co., Inc.). Able to reduce nitrate to nitrite. 
Colonies grown on half-strength R2A agar with 75% artifi- 
cial sea water are circular, convex, and reddish orange in 
color. Temperature range for growth is 15-37*C, with opti- 
mum growth at 30-37°C. No growth occurs at 4 or 45°C. pH 
Range for growth is 6.5-8.5. NaCl is not required for growth, 
but can tolerate up to 996 (w/v) NaCl. Catalase-negative but 
oxidase-positive. Major respiratory menaquinones are MK-8 
and MK-9. 

Positive for alkaline phosphatase, leucine arylamidase, 
acid phosphatase, naphthol-AS-BI-phosphohydrolase, and 
Nacetyl-B-glucosaminidase. Negative for o-galactosidase, 
P-galactosidase, o-glucosidase, valine arylamidase, trypsin, 
esterase (C4), esterase lipase (C8), lipase (C4), cystine arylam- 
idase, chymotrypsin, B-glucuronidase, B-glucosidase, a-man- 
nosidase, and a-fucosidase. L-Fucose, D-mannose, cis-aconitic 
acid, citric acid, succinic acid, a-p-glucose l-phosphate 
and D-glucose 6-phosphate are oxidized, but cyclodextrin, 
dextrin, glycogen, Tween 40, Tween 80, Macetyl-p-galac- 
tosamine, Macetyl-p-glucosamine, adonitol, r-arabinose, 
D-arabitol, cellobiose, iso-erythritol, p-fructose, p-galactose, 
gentiobiose, D-glucose, myo-inositol, &-D-lactose, lactulose, 
maltose, D-mannitol, D-melibiose, methyl-B-p-glucoside, 
D-psicose, D-raffinose, 1-rhamnose, p-sorbitol, sucrose, treha- 
lose, furanose, xylitol, pyruvic acid methyl ester, succinic acid 
monomethyl ester, acetic acid, formic acid, p-galactonic acid 
lactone, p-galacturonic acid, p-gluconic acid, p-glucosaminic 
acid, b-glucuronic acid, o-hydroxybutyric acid, p-hydroxy- 
butyric acid, chydroxybutyric acid, phydroxyphenylacetic 
acid, itaconic acid, o-ketobutyric acid, o-ketoglutaric acid, 
a-ketovaleric acid, pr-lactic acid, malonic acid, propionic 
acid, quinic acid, p-saccharic acid, sebacic acid, bromosuc- 
cinic acid, succinamic acid, glucuronamide, alaninamide, 
r-alanine, L-alanine, L-alanyl glycine, L-asparagine, L-aspartic 
acid, L-glutamic acid, glycyl L-aspartic acid, glycyl L-glutamic 
acid, L-histidine, hydroxy-L-proline, r-leucine, L-ornithine, 
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L-phenylalanine, r-proline, r-pyroglutamic acid, p-serine, 
L-serine, L-threonine, DL-carnitine, caminobutyric acid, uro- 
canic acid, inosine, uridine, thymidine, phenylethylamine, 
putrescine, 2-aminoethanol, 2,3-butanediol, glycerol, and pr- 
a-glycerol phosphate are not oxidized. 
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Source: the visceral specimen of an unidentified sea hare. 
DNA G+C content (mol% ): 50.3 (HPLC). 

Type strain: YM27-005, KCTC 12907, MBIC08282. 
Sequence accession no. (16S rRNA gene): AB297806. 
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Class II. Opitutae Choo, Lee, Song and Cho 2007, 535"* 


JANG-CHEON Cho, PETER H. JANSSEN, KYLE C. Costa AND BRIAN P. HEDLUND 


O.pi.tu'ta.e. N.L. fem. pl. n. Opitutales type order of the class; -ae ending to denote a class; N.L. fem. 


pl. n. Opitutae class of the order Opitutales. 


On the basis of 16S rRNA gene sequence analyses, this group 
comprises one of the primary lineages in the phylum Verruco- 
microbia and is equivalent to subdivision 4 (Hugenholtz et al., 
1998) of the phylum. The majority of its members inhabit soils, 
marine environments, or invertebrate digestive tracts; however, 
some have been recovered from freshwater lakes, hypersaline 
microbial mats, or coastal hot springs. Others are obligate ecto- 
symbionts of marine cilia. The Opitutae currently comprise two 
orders, the type order Opitutales, at present represented by the 
genera Opitutus and Alterococus, and the order Puniceicoccales, 
represented by the genera Puniceicoccus, Cerasicoccus, Coraliomar- 
garita, and Pelagicoccus. All members of this group stain Gram- 
negative. All tested members are resistant to B-lactam antibiotics 
and apparently lack a peptidoglycan cell wall. 
Type order: Opitutales Choo, Lee, Song and Cho 2007, 536". 


Further descriptive information 


To date, there appear to be two well-supported family level 
groups within the class Opitutae, both of which have been for- 
mally described, Puniceicoccaceae and. Opitutaceae (Figure 142). 
The family Puniceicoccaceae is represented by the genera Puni- 
ceicoccus, Cerasicoccus, Coraliomargarita, and Pelagicoccus all of 
which were isolated from marine or estuarine habitats. Puniceic- 
occus, Cerasicoccus, and Coraliomargarita form a phylogenetic 
cluster along with 16S rRNA gene sequences recovered primar- 
ily from marine environments (e.g., Schafer et al., 2000; Sekar 
et al., 2006). In addition to those formally characterized genera 
and sequences from uncultivated organisms, closely related but 
taxonomically uncharacterized isolates also exist. “Fucophilus 
fucoidanolyticus" was isolated from gut contents of the sea cucum- 
ber Stichopus japonicus based on its ability to degrade fucoidan 
obtained from macrooalgae on which the sea cucumber grazes 
(Sakai et al., 20032). Subsequently, enzymes responsible for 
fucoidan hydrolysis were used to digest fucose and the resulting 


oligosaccharide products were identified (Sakai et al., 2003b). 
Additionally, 16S rRNA gene sequences representing “Lentimo- 
nas marisflav?? and isolate YN31-114 exist in GenBank. A sepa- 
rate phylogenetic cluster of Puniceicoccaceaeis comprised entirely 
of sequences obtained through cultivation-independent stud- 
ies. This group includes two subclades, one represented by 
sequences retrieved from marine environments (e.g., Suzuki 
et al., 2001; DeLong et al., 2006) and the other retrieved from 
termite gut contents, freshwater lakes, and other continental 
habitats (Hongoh et al., 2005; Nakajima et al., 2005; Tajima 
et al., 2000). The genus Pelagicoccus is somewhat phylogeneti- 
cally distinct from other members of the family and may war- 
rant a separate family designation in the future. Verrucomicrobia 
ectosymbionts of the marine ciliate Euplotidium also group with 
the Puniceicoccaceae (Petroni et al., 2000). The Euplotidium ecto- 
symbionts, termed epixenosomes, divide by binary fission, form- 
ing rows of structures on the surface of the ciliate host. As they 
mature, they form intracellular bundles of tubules that form a 
basket and an apical zone of condensed DNA similar to chro- 
matin. When the ciliate is disturbed by predators, the epixeno- 
somes are ejected as harpoon-like structures which offer 
protection from grazing. Several lines of evidence suggest that 
epixenosome tubules are homologous to eukaryotic microtu- 
bules, including tubule diameter, 22 + 3 nm, and sensitivity to 
several microtubule inhibitors. The discovery of tubulins in the 
genus Prosthecobacter (Jenkins et al., 2002) raises the possibility 
that tubulins are widespread in the Verrucomicrobia and are evo- 
lutionarily ancient in the lineage (Jenkins et al., 2002; Lowe 
et al., 2004). However, it has been argued that tubulin genes in 
some Verrucomicrobia reflect recent horizontal transfer based on 
the patchy distribution of tubulin genes in the phylum, the 
clear relationship between Verrucomicrobia tubulins and those in 
contemporary eukaryotes, and the presence of canonical divi- 
sion and cell-wall gene content in Verrucomicrobia (Jenkins et al., 
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Class Verrucomicrobiae 


Class “Spartobacteria” 


s 


h 


sponge clone A.damicornis19, DQ302114 
seawater clone SW25, 
geld mine Opitutus sp. SA-9, AY695840 

ake Hamra clone WN-HWB- 160, DQ432378 


termite associated clone RsaP110, AY571501 


subphylum 3, uncultivated 


ubphylum 6, uncultivated 


"Fucophilus fucoidanolyticus", AB073978 
“Lentimonas marisflavi", EF157839 

marine clone CHAB-1I—49, AJ240909 

Coraliomargarita akajimensis, AB266750 

sponge clone A.fistularis15, DQ302113 

Lake Kauhako clone K2-S—20, AY344428 


hypersaline mat clone GNO1—0.004, DQ154837 
ersaline mat clone 02D2Z90, DQ329658 
uniceicoccus vermicola, DQ539046 


diseased coral tissue clone BBD_216_46, DQ446121 


Cerasicoccus arenae, AB292183 
marine isolate YM31—114, AB372849 


DQ302109 


anaerobic digester clone vadinHA64, U81738 
termite gut clone NkW01—019, AB231080 
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FIGURE 142. Maximum likelihood phylogeny of Verrucomicrobia with heuristic correction showing nearly complete 16S rRNA gene sequences 


present in version 91 of the SILVA database (Pruesse et al., 2007). All 


class-level groups were included, but all those except the Opitutae were 


wedged. The phylogeny was produced by using ARB (Ludwig et al., 2004) using Escherichia coli 16S rRNA gene nucleotides 110-1274. Alignments 


were unmasked. 


2002; Pilhofer et al.,2007, 2008; Schlieper et al., 2005; Sontag 
et al., 2005). These epixenosomes have been called “Candidatus 
Epixenosoma ejectans", though no formal proposal for this 
nomenclature exists. 

The family Opitutaceae is represented by two phylogeneti- 
cally, physiologically, and ecologically distinct genera, Opitutus 
and Alterococcus. However, Alterococcus is quite phylogenetically 


distinct from Opitutus and 16S rRNA genes obtained in cultiva- 
tion-independent studies, so it is possible that a separate family 
may be proposed in the future to accommodate Alterococcus as 
the phylogenetic depth and breadth of the Opitutae is eluci- 
dated. The phylogenetic breadth of the Opitutae is well rep- 
resented taxonomically when taxonomically uncharacterized 
isolates from larval termite guts are considered (Stevenson 


CLASS II. OPITUTAE 


et al., 2004). These isolates include four strains which, based 
on their phylogenetic distance from Opitutus and Alterococcus 
(«93976 16S rRNA gene identity), likely represent two different 
genera in the Opitutaceae, one represented by strain TAVI and 
the other represented by TAV2, 3, and 4. The isolates were 
obtained by plating homogenized material from freshly col- 
lected larval termite guts onto agar plates with dilute yeast 
extract and peptone as the growth substrate and incubating 
under hypoxic conditions [276 (v/v) O,] with 596 (v/v) CO,. 
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ORDER I. OPITUTALES 


Order |. Opitutales Choo, Lee, Song and Cho 2007, 536"* 


JANG-CHEON Cro, PETER H. JANSSEN, WUNG YANG SHIEH AND BRIAN P. HEDLUND 


O.pi.tu.ta'les. N.L. masc. n. Opitutus type genus of the order; -ales ending to denote an 
order; N.L. fem. pl. n. Opitutales the order of the genus Opitutus. 


Encompasses bacteria isolated from soil environments and a 
coastal marine hot spring within the class Opitutae. The order 
contains the family Opitutaceae. Delineation of the order is 
determined primarily by phylogenetic information from 16S 
rRNA gene sequences. All known members of the order are 
cocci that are Gram-stain-negative. All are chemoorganotrophic 
facultative or obligate anaerobes capable of fermenting carbo- 
hydrates. 

Type genus: Opitutus Chin, Liesack and Janssen 2001, 1967. 
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Family |. Opitutaceae Choo, Lee, Song and Cho 2007, 536"* 


JANG-CHEON CHo, PETER H. JANSSEN, WUNG YANG SHIEH AND BRIAN P. HEDLUND 


O.pi.tu.ta.ce'a.e. N.L. masc. n. Opitutus type genus of the family; -aceae ending to denote a family; 
N.L. fem. pl. n. Opitutaceae the family of the genus Opitutus. 


Cocci or coccobacilli that are 0.4—0.9 um in diameter. Non- 
sporeforming. Motile via a single flagellum. Gram-stain-neg- 
ative. Colonies are nonpigmented. Facultatively or obligately 
anaerobic. Mesophilic or moderately thermophilic. Chemoor- 
ganotrophic. Ferment mono- and disaccharides to organic acids 
with or without production of H, and CO,. Peptides and amino 
acids are not fermented. 

DNA G+C content (mol % ): 65-67. 

Type genus: Opitutus Chin, Liesack and Janssen 2001, 1967V*. 


Further descriptive information 


Encompasses all bacteria within the order Opitutales. Cur- 
rently, the family comprises the genera Opitutus and Alterococcus 
together with strains isolated from termite guts that have not 
been taxonomically characterized. Related 16S rRNA genes 
representing uncultured bacteria have been retrieved mainly 
from soil environments, arthropod guts (termites and beetles), 


and freshwater. Delineation of the family is determined pri- 
marily by phylogenetic information from 16S rRNA gene 
sequences. 


Key to the genera of the family Opitutaceae 


1. The DNA G+C content is 65 mol%. Cocci less than 0.7 um 
in diameter. Growth occurs at 10-37°C. Strictly anaerobic. 
Ferments mono-, di-, and polysaccharides. Reduces nitrate 
to nitrite. Catalase-negative. Isolated from flooded soils. 

— Genus I. Opitutus 


2. The DNA G+C content is 65.5-67.0 mol%. Cocci more than 
0.7 um in diameter. Growth occurs at 38-58°C. Facultatively 
anaerobic. Ferments mono- and disaccharides. Grows aero- 
bically on peptides. Catalase-positive. Isolated from coastal 
hot springs. 

— Genus II. Alterococcus 


Genus I. Opitutus Chin, Liesack and Janssen 2001, 1967"? 


PETER H. JANSSEN 


O.pi.tu'tus. L. fem. n. Ops, Opis a Roman Earth and harvest goddess; L. part. adj. tutus protected; N.L. 


masc. n. Opitutus the one protected by Ops. 


Cocci or coccobacilli. Stain Gram-negative. Motile with flagel- 
lum. No endospores. Anaerobe; media containing a suitable 
reductant shorten the lag phase. Chemo-organotrophic metab- 
olism. Monosaccharides, disaccharides, and polysaccharides 
are fermented, but alcohols, amino acids, and organic acids are 
not. Acetate, propionate, CO,, and H, are the fermentation end 
products; the ratios of these are dependent on the partial pres- 
sure of H,. Nitrate is reduced to nitrite. Sulfate, sulfur, thiosul- 
fate, and fumarate are not used as terminal electron acceptors. 

DNA G+C content (mol % ): 65. 

Type species: Opitutus terrae Chin, Liesack and Janssen 2001, 
1968", 


Further descriptive information 


Cell pellets are pink in color, and cells contain cytochrome b. 
Glucose is fermented by a modified Embden-Meyerhof-Parnas 
pathway, with a pyrophosphate-dependent 6-phosphofruc- 
tokinase (Janssen, 1998). The ratio of the major organic end 
products, acetate and propionate, is dependent on the partial 
pressure of hydrogen, with a shift to increased propionate pro- 
duction occurring at hydrogen partial pressures of greater than 
20 Pa (Chin and Janssen, 2002). 

The type strain of Opitutus terrae appears to be an obligate 
anaerobe, but related strains appear to be at least aerotolerant 


GENUS Il. ALTEROCOCCUS 


anaerobes (Janssen et al., 1997; Stevenson et al., 2004). Simi- 
larly, while the type strain reduces nitrate, other isolates do not 
appear able to do so (Chin et al., 1999; Janssen et al., 1997). 


Enrichment and isolation procedures 


Janssen et al. (1997) enriched three strains closely related to 
Opitutus terrae from small inocula prepared by diluting slurries 
of anaerobic soils in anaerobic media containing mono- and 
disaccharides. Later, Chin et al. (1999) used similar methods to 
isolate the type strain of Opitutus terrae and two closely related 
strains, also from anaerobic soil. The growth substrates in those 
experiments were polysaccharides. Stevenson et al. (2004) iso- 
lated four strains closely related to members of the genus Opi- 
tutus from the digestive tract of worker larvae of the termite 
Reticulitermes flavipes by inoculating gut homogenates onto agar 
plates with yeast extract as the growth substrate. These plates 
were incubated under hypoxic conditions [2% (v/v) O,] with 
5% (v/v) CO,. These isolates are therefore at least aerotolerant, 
and Stevenson et al. (2004) suggest that some strains may be 
facultative anaerobes. At this time, there is no known selective 
medium for Opitutus strains. The strategies used by Stevenson 
et al. (2004) and Sangwan et al. (2005), monitoring cultures 
using a PCR-based assay or with group-specific oligonucleotide 
probes targeting 16S rRNA to detect the presence of members of 
the phylum Verrucomicrobia, are the only approaches published 
to obtain isolates other than by chance isolation. 


821 


Maintenance procedures 


Cultures of Opitutus terrae and its close relatives can be stored 
for at least 1 year at 4^C in anaerobic media in sealed bottles 
or tubes either completely filled or under a nitrogen plus car- 
bon dioxide headspace. Maintenance is by subculture at 3- to 
6-month intervals. 


Taxonomic comments 


The genus is represented by only one isolate assigned to a named 
species, Opitutus terrae. This means that the assignment of char- 
acteristics to the generic and specific descriptions is somewhat 
arbitrary. Other related isolates (Chin et al., 1999; Janssen et al., 
1997) have not been assigned to named species, but appear to 
be related to Opitutus terrae, and are members of that species or 
of other species of the genus Opitutus. These unassigned isolates 
appear to be phenotypically similar, and their 16S rRNA genes 
share significant 16S rRNA gene sequence identity (95.310096) 
with Opitutus terrae. In the absence of more detailed character- 
ization of other isolates, and the delineation of further species, 
the separation of genus- and species-specific characteristics is 
somewhat arbitrary. The four isolates obtained from termite gut 
(Stevenson et al., 2004) are less closely related to Opitutus terrae 
(«9390 16S rRNA gene sequence identity), and their taxonomic 
status is less certain. All of these isolates are taxonomically dis- 
tinct from Alterococcus agarlyticus and “Fucophilus fucoidanolyticus". 
with which they share <90% 16S rRNA gene sequence identity. 


List of species of the genus Opitutus 


1. Opitutus terrae Chin, Liesack and Janssen 2001, 1968% 
ter'ra.e. L. gen. n. terrae of the earth. 


Cocci, 0.4—0.6 um in diameter. Gram-stain-negative. Motile by 
means of a flagellum. No spores are formed. The colonies in 
agar deeps are unpigmented and granular in appearance. 


Grows with glucose, fructose, galactose, mannose, galac- 
turonic acid, mannitol, arabinose, cellobiose, maltose, 
sucrose, lactose, melibiose, xylan, pectin, and starch. Xylose, 
ribose, sorbose, methyl-o-glucopyranoside, cellulose, chitin, 
arabinogalactan, pyruvate, lactate, fumarate, malate, tar- 
trate, citrate, crotonate, glycerol (+ acetate), aspartate, ala- 
nine, serine, leucine, isoleucine, glutamate, proline, lysine, 
and H, (+ acetate) do not support growth of the type strain. 
Propionate and acetate are the major end products of fer- 
mentation. Succinate, lactate, formate, ethanol, and H, are 


also produced. Methanol is also formed from pectin. Nitrate 
is reduced to nitrite. Sulfur, sulfate, sulfite, thiosulfate, and 
fumarate are not used as electron acceptors. Esculin is hydro- 
lyzed, but gelatin and urea are not. 

Anaerobe. The type strain grows at pH 5.5-9.0, with maxi- 
mum growth rates at pH 7.5-8.0. Growth of the type strain 
is possible at temperatures of 10-37°C, but not at 4°C or at 
40*C. 

The type strain was isolated from artificial rice paddy sys- 
tems constructed using soil from rice paddies in Vercelli, 
Italy. 

DNA G+C content (mol96): 65 (draft genome sequence). 

Type strain: Pb90-1, DSM 11246. 

Sequence accession no. (16S rRNA gene): AJ229235. 


Genus Il. Alterococcus Shieh and Jean 1998, 644° 


Brian P. HEDLUND AND WuNG YANG SHIEH 


Al.te.ro.coc'cus. L. adj. alter, -tera, -terum another, different; N.L. masc. n. coccus (from Gr. masc. n. kokkos) 
a grain or berry; N.L. masc. n. Alterococcus another coccus. 


Spherical cells with Gram-negative cell structure. Gram-stain-neg- 
ative. Motile by means ofa single flagellum. Facultative anaerobes 
capable of aerobic growth on peptone and yeast extract. Ferment 
monosaccharides or disaccharides for carbon and energy. Fer- 
ment glucose primarily to butyrate, together with propionate or 
formate. Lactate and acetate also produced. No gas produced. 
Do not ferment peptides. Agarolytic. Oxidase- and catalase-pos- 
itive. Moderately thermophilic, growing at 40-56°C but not 30 
or 60°C. Slightly halophilic, growing in media containing 1-3% 


NaCl but not in those containing 0 or 5% NaCl. Require sodium. 
C; anteiso is the most abundant cellular fatty acid. Phylogeneti- 
cally, the genus belongs to the order Opitutales in the phylum Ver- 
rucomicrobia. Isolated from two hot springs in the intertidal zone 
of Lutao, Taiwan, based on their ability to hydrolyze agar in an 
agar-solidified marine medium. 

DNA G+C content (mol % ): 65.5—677.0. 

Type species: Alterococcus agarolyticus Shieh and Jean 1998, 


6449", 
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Further descriptive information 


The genus Alterococcus currently contains only one species and 
five strains, with the type strain, Alterococcus agarolyticus BCRC 
17102" (original designation, CCRC 19135"), and no closely 
related isolates or 16S rRNA gene sequences from cultivation- 
independent studies. The only other named genus in the Opi- 
tutales is Opitutus. Opitutus terrae was one of several strains of 
ultramicrobacteria belonging to the Verrucomicrobia that were 
isolated from rice paddy soils (Janssen et al., 1997). In addi- 
tion, capnophilic, facultatively anaerobic isolates from termite 
guts (Stevenson et al., 2004) are as yet undescribed taxonomi- 
cally. Related 16S rRNA genes representing a number of uncul- 
tivated organisms from soils, freshwater, activated sludge, and 
arthropod guts share less than 90% 16S rRNA gene sequence 
percentage identity. 

Alterococcus was isolated from two different coastal hot springs 
on the island of Lutao, off Taiwan, which were fed seawater 
heated to 39-51°C. The temperature (48°C) and salinity (2.0— 
2.5% Na: w/v) optima of Alterococcus suggest it is indigenous 
to that habitat. As such, Alferococcus is the only known thermo- 
philic member of the Verrucomicrobia, though 16S rRNA gene 
sequences belonging to the Verrucomicrobia have been recovered 
from ~70°C sediment taken from Obsidian Pool, Yellowstone 
National Park (Hugenholtz et al., 1998). 

Cells stain Gram-negative and have a Gram-negative cell 
structure (Figures 143 and 144). Cells are spherical, 0.8-0.9 um 


FIGURE 143. (a) Phase-contrast micrograph showing coccoid cells of 
Alterococcus agarolyticus strain ADT3". (b) One coccoid cell with a sin- 
gle flagellum (partially covered by the grid) as viewed by transmission 
electron microscopy. (Reprinted with permission from Shieh and Jean, 
1998. Can. J. Microbiol. 44: 637—648.) 


FAMILY |. OPITUTACEAE 


” 
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FIGURE 144. Ultrathin section electron micrograph of Alterococcus 
agarolyticus strain ADT3", showing a spherical cell with Gram-negative 
cell structure. (Reprinted with permission from Shieh and Jean, 1998. 
Can. J. Microbiol. 44: 637-648.) 


in diameter and divide by binary fission. Cells are motile via a 
single flagellum. The preferred medium for aerobic growth is 
PY broth, which can be solidified with 1.5% (w/v) Bacto agar 
(Difco) or partially solidified with 0.5% (w/v) Bacto agar. PY 
broth contains (per 1) 4.0 g of Bacto Peptone (Difco), 2.0 g of 
Bacto yeast extract (Difco), 20 g of NaCl, 0.5 g of MgSO4-7H,O, 
0.01 g of CaCl,, and 4.5 g of 3-(Nmorpholino)-2-hydroxypro- 
panesulfonic acid (MOPSO; Sigma), pH 7.0. The medium can 
be supplemented with carbohydrates (0.5% w/v) for fermenta- 
tive growth. The genus Alterococcus is capable of fermenting the 
following substrates at 0.5%: cellobiose, galactose, glucose, lac- 
tose, sucrose, trehalose, and xylose. Cells grown in PYG (PY con- 
taining 0.5% glucose) or semisolid PY agar produce butyrate 
together with propionate or formate as the primary fermenta- 
tion products, with lesser amounts of lactate, and acetate. No 
gas is formed. When grown for 2 days at 50°C on PY plates con- 
taining 1.5% agar (w/v), colonies are white, circular, opaque, 
and surrounded by shallow depressions in the agar, indicative 
of agarolytic activity. The temperature range, pH range, and 
salinity range for growth are 38-58°C (optimum, 48°C), pH 
7.0-8.5 (optimum, pH 8.0), and 1.0-3.0% (w/v) of NaCl (opti- 
mum, 2.0-2.5%), respectively. Agarase, catalase, and oxidase 
are positive. Arginine dihydrolase, lysine and ornithine decar- 
boxylases, DNase, lipase (Tween 80), gelatinase, and casein 
hydrolysis are negative. Amylase is weak. 

When grown to early stationary phase in PY broth, the most 
abundant cellular fatty acid was C, anteiso with lesser amounts 
of Ciso Cigo iso, C Cu, Ciso 2-OH, and Cgo 


16:0? 17:00 714: 


Enrichment and isolation procedures 


Samples from coastal 39-51°C hot springs are serially diluted 
and spread directly onto PY agar. Agarolytic colonies appearing 
after 3-7 d incubation in the dark at 50°C are streaked on the 
same medium for purity. 


Maintenance procedures 


Cultures can be maintained for at least 3 months at 45°C. Long- 
term storage can be achieved by suspending the cells in NaCl/ 


ORDER II. PUNICEICOCCALES 


glycerol solution (2 g of NaCl and 15 g of glycerol in 100 ml 
of deionized water) and freezing the cell suspension in liquid 
nitrogen or at -80°C after pre-cooling to -4°C for 1 h. 


Differentiation of the genus A/terococcus 
from other related genera 


Phylogenetically, the most closely related genus Opitutus 
is within the order Opitutales. Alterococcus is differentiated 
from the genus Opitutus by 16S rDNA sequence dissimilarity 
(<90% identity), habitat (coastal hot springs vs soils), sodium 
requirement, maximum growth temperature (58°C vs 37°C), 
cell size (0.8-0.9 um vs 0.4-0.6 um diameter), relationship 
to oxygen (facultative anaerobe vs anaerobe), carbohydrate 


823 


fermentation products (mixed acid vs organic acids with H, 
and CO,) and DNA G+C composition (65.5-67.0 mol% vs 74 
mol%). Since few Verrucomicrobia isolates exist, suspected rela- 
tives of Alterococcus should not be identified without 16S rRNA 
gene sequencing. 


Taxonomic comments 


This genus was originally placed in the Enterobacteriaceae as a 
sister taxon to Escherichia and Shigella (Shieh and Jean, 1998); 
however, subsequent phylogenetic analyses of the almost com- 
plete 16S rRNA gene from the type strain indicated that the 
genus is a deeply branching member of the order Opitutales in 
the Verrucomicrobia. 


List of species of the genus Alterococcus 


1. Alterococcus agarolyticus Shieh and Jean 1998, 644V" 


a.ga.ro.ly'ti.cus. N.L. n. agarum (from Malayan n. agar) agar, a 
complex gelling polysaccharide from marine red algae; N.L. 
masc. adj. lyticus (from Gr. masc. adj. lutikos), able to loosen, 
able to dissolve; N.L. masc. adj. agarolyticus agar-dissolving. 


Young colonies are white, circular, and opaque and form 
shallow depressions on PY agar media after 1-2 d of incu- 
bation and deep depressions after 1 week. The characteris- 
tics are as described for the genus. Cells spherical, normally 
0.8-0.9 um in diameter and occurring mostly singly or 
in pairs. Despite the presence of a buffer, cultures in PYG 
broth reduce the pH by 1.5 and 2.1 units under aerobic 
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Order II. Puniceicoccales Choo, Lee, Song and Cho 2007, 536"* 


JANG-CHEON CHo, JAEwoo YooN AND BRIAN P. HEDLUND 


Pu.ni.ce.i.coc.ca'les. N.L. masc. n. Puniceicoccus type genus of the order; -ales ending to 
denote an order; N.L. fem. pl. n. Puniceicoccales the order of the genus Puniceicoccus. 


Encompasses bacteria isolated from marine environments within 
the class Opitutae. The order contains the family Puniceicoccaceae. 
Delineation of the order is determined primarily by phyloge- 
netic information from 16S rRNA gene sequences. All known 
members of the order are cocci that are Gram-stain-negative and 
lack muramic acid and diaminopimelic acid. Cells are resistant 
to p-lactam antibiotics. All are chemoorganotrophic obligate 
aerobes or facultative anaerobes. Menaquinone-7 is the major 
respiratory quinone. 


Type genus: Puniceicoccus Choo, Lee, Song and Cho 2007, 
536%". 
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Family |. Puniceicoccaceae Choo, Lee, Song and Cho 2007, 536"* 


JANG-CHEON Cho, JAEWOO YOON AND BRIAN P. HEDLUND 


Pu.ni.ce.i.coc.ca.ce’a.e. N.L. masc. n. Puniceicoccus type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Puniceicoccaceae the family of Puniceicoccus. 


Cocci. Gram-stain-negative. Aerobic or facultatively anaerobic 
via fermentation. Mesophilic. Chemoorganotrophic. Saccharo- 
lytic. Use predominantly mono-, di-, and polysaccharides and 
their derivatives. Neither muramic acid nor diaminopimelic 
acid identified in cell-wall extracts. Resistant to B-lactam 
antibiotics. The major respiratory quinone is menaquinone 
MK-7. 

DNA G+C content (mol 96): 52.1-57.4. 

Type genus: Puniceicoccus Choo, Lee, Song and Cho 2007, 
536", 


Further descriptive information 


Encompasses Gram-stain-negative bacteria retrieved mainly 
from marine and aquatic environments, within the order 
Puniceicoccales. Currently, the family comprises the genera 
Puniceicoccus, Pelagicoccus, Coraliomargarita, Cerasicoccus, and 
"Fucophilus, together with several uncultured marine and 
lacustrine bacteria. Delineation of the family is determined 
primarily by phylogenetic information from 16S rRNA gene 
sequences, 


Key to the genera of the family Puniceicoccaceae 


1. The DNA G«C content is 52.1 mol%. Cells are nonmotile 
and colonies are pale red. Capable of anaerobic growth. 


Catalase- and oxidase-negative. Produces acid from cellobiose, 
glucose, and lactose. Requires Na* ions. Isolated from marine 
environments. 

—Genus I. Puniceicoccus 


2. The DNA G4C content is 54 mol%. Cells are nonmotile and 
colonies are pale pink. Obligately aerobic. Catalase- and oxi- 
dase-positive. Produces acid from glucose, lactose, and man- 
nose. Hydrolyzes starch. Does not require Na‘ ions. Isolated 
from marine environments. 

—Genus II. Cerasicoccus 


3. The DNA G+C content is 53.9 mol%. Cells are nonmotile and 
colonies are white. Obligately aerobic. Catalase-negative and 
oxidase-positive. Produces acid from mannitol and mannose. 
Requires Na* ions. Isolated from marine environments. 
—Genus III. Coraliomargarita 


4. The DNA G«C content is 51.6-57.2 mol%. Cells of some 
species are motile and colonies are white. Obligately aerobic 
or facultatively anaerobic. Oxidase-positive. Some species 
produce acid from cellobiose, lactose, and melibiose. 
Requires Na* ions. Isolated from marine environments. 
—Genus IV. Pelagicoccus 


Genus |. Puniceicoccus Choo, Lee, Song and Cho 2007, 536"? 


JANG-CHEON CHO 


Pu.ni.ce.i.coc'cus. L. adj. puniceus pinkish red; N.L. masc. n. coccus from Gr. masc. n. kokkos a berry; N.L. 


masc. n. Puniceicoccus a pinkish-red-colored coccus. 


Facultatively anaerobic nonmotile cocci (0.6-1.0 um in 
diameter). Gram-stain-negative. Chemoheterotrophic. 
Produces carotenoid pigments. Requires NaCl for growth. 
Oxidase- and catalase-negative. Utilizes a variety of carbon com- 
pounds as sole carbon sources. The predominant fatty acids are 
Cso anteiso and C,,,. The major quinone is MK-7. 

DNA G+C content (mol % ): 52.1. 

Type species: Puniceicoccus vermicola Choo, Lee, Song and 


Cho 2007, 536%". 


Further descriptive information 


Colonies on marine agar 2216 grown at 30°C for 5 d are 0.3-0.5 
mm in diameter, uniformly circular, smooth, convex, opaque, 
and pale-reddish colored. Colony size increases up to 3 mm in 
diameter after 3 weeks of incubation. While the organism is fac- 
ultatively anaerobic, anaerobic cultures grow much slower than 
aerobic cultures. 

The temperature, pH, and NaCl concentration ranges for 
growth are 8-37°C (optimum, 25-30°C), pH 5.0-12.0 (opti- 
mum, pH 9.0), and 1.0-7.5% (w/v) NaCl (optimum, 3.0-3.5%). 
The cellular fatty acid constituents are C,., anteiso (30.9%), 
Ciso (24.7%), Ciso (7.9%), C iso (5.3%), C 


15:0 


16:0 17:0 (7.076), Co 14:0 


(4.9%), C,.., anteiso (3.6%), Cig 3-OH (2.5%), and C,,, 3-OH 
(2.1%). Tests for nitrate reduction, indole production, glucose 
fermentation, arginine dihydrolase, urease, esculin hydrolysis, 
gelatinase, and PNPG (f-galactosidase) are negative. 

Enzyme activities (API ZYM test) and carbon source oxida- 
tion results (Biolog test) are shown in Choo et al. (2007). The 
type strain of the genus is resistant to ampicillin, chlorampheni- 
col, gentamicin, kanamycin, penicillin G, rifampin, strepto- 
mycin, and vancomycin but susceptible to erythromycin and 
tetracycline. 


Enrichment and isolation procedures 


The organism was isolated from the digestive tract of a marine 
clamworm, Periserrula leucophryna, inhabiting a tidal flat of the 
Yellow Sea. The organism can be isolated by spreading animal- 
tissue homogenates on marine agar 2216 after incubation for 
at least 1 week. Currently, there is no special method to enrich 
Puniceicoccus from the mixed marine microbial community. 


Maintenance procedures 


Frozen stocks as a glycerol suspension (10-30%) stored in 
liquid nitrogen or at -70°C are routinely used to start a new 


GENUS Il. CERASICOCCUS 


culture. Lyophilization of liquid cultures is also recommended 
for long-term storage. Working stock cultures can be main- 
tained on slants at 4° C for 3 months. 


Differentiation of the genus Puniceicoccus 
from other genera 


A recent report by Yoon et al. (2007b) provides a table of char- 
acteristics that differentiate Pumiceicoccus from the other related 
genera Cerasicoccus, Coraliomargarita, and Pelagicoccus. 
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Taxonomic comments 


The genus Puniceicoccus is the type genus of the family Punicei- 
coccaceae and the order Puniceicoccales. Classification of Punicei- 
coccus as a separate genus of the class Opitutae is based on 16S 
rDNA sequence-based phylogeny as well as phenotypic charac- 
teristics. According to 16S rDNA sequence analyzes, the most 
closely related genera to the genus Puniceicoccus are Cerasicoc- 
cus, Coraliomargarita, and Pelagicoccus. The only species currently 
included in the genus is Puniceicoccus vermicola. 


List of species of the genus Puniceicoccus 


1. Puniceicoccus vermicola Choo, Lee, Song and Cho 2007, 
536." 


ver.mi'co.la. L. n. vermis worm; L. suff. -cola from L. n. incola 
inhabitant; N.L. n. vermicola inhabitant of worms. 


The characteristics of the species are as described for the 
genus. 


DNA G+C content (mol% ): 52.1 (HPLC). 

Type strain: IMCC 1545, JCM 14086, KCCM 42348, NBRC 
101964. 

Sequence accession no. (16S rRNA gene): DQ539046. 


Genus II. Cerasicoccus Yoon, Matsuo, Matsuda, Adachi, Kasai and Yokota 2007a, 2070"? 


JAEWOO YOON AND BRIAN P. HEDLUND 


Ce.ra.si.coc'cus. L. neut. n. cerasum a cherry; Gr. masc. n. kokkos berry; N.L. masc. n. Cerasicoccus 
pale-pink-colored coccus, referring to the pale-pink colour of the bacterium. 


Cocci, about 0.8 um x 1.0 um in diameter. Gram-stain-negative. 
Nonmotile. Obligately aerobic; nitrate not reduced. Growth is 
chemoorganotrophic and restricted to a small number of sugars 
and organic acids. Colonies are pale pink due to carotenoids. 
Neither muramic acid nor diaminopimelic acid identified in 
cell-wall extracts. Resistant to B-lactam antibiotics. Predomi- 
nant cellular fatty acids are C, ,, and C,,, 9c. The major respi- 
ratory quinone is MK-7. 

DNA G+C content (mol 96): 54.0. 

Type species: Cerasicoccus arenae Yoon, Matsuo, Matsuda, 
Adachi, Kasai and Yokota 2007a, 2070V*. 


Further descriptive information 


Only a single strain of Cerasicoccus has ever been isolated. Like 
other members of the order Puniceicoccales, Cerasicoccus was iso- 
lated from the marine environment. Sequences closely related 
to Cerasicoccus have not been described in cultivation-indepen- 
dent censuses, so their ecological function and distribution in 
nature remain unclear. 

Cells of Cerasicoccus are uniform cocci about 0.8 um x 1.0 
um in diameter (Figure 145). Amino acid analysis of the cell-wall 
hydrolysate indicates the absence of muramic acid and diamin- 
opimelic acid in the cell wall, which suggests that the strain does 
not contain peptidoglycan. Consistent with this, Cerasicoccus is 
highly resistant to -lactam antibiotics. However, like other 
members of the order Puniceicoccales, no detailed studies of the 
cell structure of Cerasicoccus have been conducted, so it is cur- 
rently unknown whether these cells possess a structure similar 
to peptidoglycan or whether they have two membranes or one. 


Enrichment and isolation procedures 


Currently no procedures to enrich Cerasicoccus are known. 
Strain YM26-026! was isolated from marine sand collected from 
the shore of the Gulf of Touni, Touni-cho, Kamaishi, Iwate, 


Japan. The sample was washed gently with 0.1 N HCl for 5 min, 
neutralized by addition of 5 ml of sterile seawater, and then 
homogenized with a glass rod. The homogenate (50 ul) was 


FIGURE 145. Transmission electron micrograph of negatively stained 
cell of Cerasicoccus arenae strain YM26-0267. Bar = 500 nm. (Reproduced 
with permission from Yoon et al., 2007a. Int. J. Syst. Evol. Microbiol. 
57: 2067-2072.) 
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plated onto medium “P” (Yoon et al., 2007b) and incubated at 
25°C for 30 d. A pale-pink pigmented colony was subsequently 
purified on marine broth 2216 (Difco) containing 1.5% agar. 


Maintenance procedures 


For long-term storage, Cerasicoccus can be maintained at -80°C 
in 7596 artificial seawater medium containing 3096 glycerol as a 
cryoprotectant or they can be freeze-dried. 


Procedures for testing special characteristics 


API 20E, API 50CH, and API ZYM strips (bioMérieux) were used 
to determine physiological and biochemical characteristics. API 
20E, API 50CH, and API ZYM were read after 72 h incubation 
at 30°C and 4 h incubation at 37°C, respectively. B-Lactam anti- 
biotic susceptibility was determined on 1/5 marine agar 2216, 
using 8 mm paper discs (Advantec) at the following antibiotic 
concentrations: ampicillin (1, 10, 100, 500, or 1000 ug/ml) 
and penicillin G (1, 10, 100, 500, or 1000 pg/ml). Cell walls 
were prepared by the methods described by Schleifer and 
Kandler (1972) and amino acids in an acid hydrolysate of the 
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cell walls were identified by TLC (Harper and Davis, 1979) 
and by HPLC, as their phenylthiocarbamoyl derivatives, with a 
model LC-10AD HPLC apparatus (Shimadzu) equipped with 
a Wakopak WS-PTC column (Wako Pure Chemical Industries, 
1989) (Yokota et al., 1993). 


Differentiation of the genus Cerasicoccus 
from other genera 


Cerasicoccus shares many phenotypic characteristics with other 
members of the order Puniceicoccales, which includes Puniceicoc- 
cus (Choo et al., 2007), Pelagicoccus (Yoon et al., 2007b, d), and 
Coraliomargarita (Yoon et al., 2007c). All are marine cocci that 
are Gram-stain-negative. All are extremely resistant to B-lactam 
antibiotics and lack muramic acid and meso-diaminopimelic 
acid. All have similar DNA G+C content (53.9-57.4 mol%) and 
possess menaquinones MK-7 as the predominant respiratory 
quinone. Due to the relatively small number of isolates repre- 
senting each of these genera, differential phenotypic charac- 
teristics are difficult to identify at present, therefore, 165 rRNA 
gene sequencing and phylogenetic analysis is recommended 
for differentiation (Figure 146). 


Opitutus terrae PB90-1 DSM 11246! (AJ229235) 
Opitutus terrae PB90-3 (AJ229239) 

Opitutus terrae ACB90 (AJ229246) 

Opitutus sp. VeCb1 (X99391) 

100'Opitutus sp. VeGlc2 (X99390) 

Archaeological wood clone pACH (AY297806) 
Opitutus sp. VeSm13 (X99392) 

Opitutaceae bacterium TAV2 (AY587232) 
Opitutaceae bacterium TAV4 (AY587234) 
Opitutaceae bacterium TAV3 (A Y587233) 


Order 
Opitutales 


Family 
Opitutaceae 


Class 


84 Uncultured bacterium clone BCf3-05 (AB062814) 

— — — —Opitutaceae bacterium TAV1 (AY587231) 

Alterococcus agarolyticus ADT3 BCRC 19135" (AF075271) 
“Fucophilus fucoidanolyticus” SI-1234 (AB073978) 
—— — —— Coraliomargarita akajimensis 040K A010-24T (AB266750) 
Puniceicoccus vermicola IMCCI545T (DQ539046) 
Uncultured bacterium clone SW25 (DQ302109) 
Cerasicoccus arenae YM26-026' (AB292183) 
Uncultured bacterium clone A.damicornis 19 (DQ302114) 
Opitutus sp. SA-9 (AY695840) 
r—Pelagicoccus mobilis 02PA-Ca-133' (AB286015) 
r——Pelagicoccus albus YM14-201" (AB286016) 
Pelagicoccus litoralis H-MN57' (AB286017) 
Akkermansia muciniphila Muc ATCC BAA-835! (AY271254) 
Rubritalea marina Pol012 DSM 177167 (DQ302104) 

Verrucomicrobium spinosum DSM 41367 (X90515) 

Prosthecobacter fusiformis FC4 ATCC 25309" (U60015) 
“Chthoniobacter flavus” Ellin428 (A Y388649) 
Soil isolate Ellin5102 (A Y234519) 
Freshwater lake clone LD19 (AF009974) 
Marine sediment clone LD1-PA26 (AY114317) 
Contaminated aquifer clone WCHB1-41 (AF050559) 
Marine clone BD2-18 (AB015546) 
Escherichia coli ATCC 117751 (X80725) 
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Opitutae 


Order 
Puniceicoccales 


Family 
Puniceicoccaceae 


FIGURE 146. Neighborjoining phylogenetic tree based on 16S rRNA gene sequences analysis showing the position of Cerasicoccus in the class 
Opitutae. Numbers at the nodes indicate bootstrap value derived from 1000 replications. Bar = 2% sequence divergence. (Modified with permission 


from Yoon et al., 2007a. Int. J. Syst. Evol. Microbiol. 57: 2067-2072.) 
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List of species of the genus Cerasicoccus 


1. Cerasicoccus arenae Yoon, Matsuo, Matsuda, Adachi, Kasai 
and Yokota 2007a, 2070"* 


a.re’na.e. L. gen. n. arenae of sand. 


Main characteristics are the same as those given for the 
genus. Neither cellular gliding movement nor swarming 
growth is observed. Colonies grown on 1/5 marine agar 
medium are circular, convex, and pale-pink pigmented. 
The temperature range for growth is 10-30°C, optimally 
at 25-30°C. No growth occurs at 4 or 45°C. The pH range 
for growth is 6-9. Seawater is not required for growth. 
Growth occurs from 0 to 8% (w/v) NaCl. Growth occurs 
in the presence of ampicillin (1-1000 ug/ml) and penicil- 
lin G (1-1000 ug/ml). Esculin and starch are hydrolyzed 
but agar, DNA, gelatin, and urea are not hydrolyzed. The 
reactions for o-nitrophenyl-B-p-galactosidase (ONPG) and 
tryptophan deaminase are positive, but acetoin, citrate utili- 
zation, arginine dihydrolase, lysine decarboxylase, ornithine 
decarboxylase, hydrogen sulfide, and indole production 
are negative. Acid is produced from L-arabinose, D-lyxose, 
galactose, glucose, fructose, mannose, methyl-a-p-glu- 
copyranoside, esculine ferric citrate, lactose, gentiobiose, 
p-turanose, and 5-keto-gluconate, but not from trehalose, 
D-tagatose, D-fucose, L-fucose, p-arabitol, r-arabitol and 


erythritol, mannitol, sorbitol, glycerol, p-arabinose, ribose, 
p-xylose, L-xylose, adonitol, methyl-p-p-xylopyranoside, sor- 
bose, rhamnose, dulcitol, inositol, methyl-a-p-mannnopy- 
ranoside, N-acetylglucosamine, amygdalin, arbutin, salicin, 
cellobiose, maltose, melibiose, sucrose, inulin, melezitose, 
rafinose, starch, glycogen, xylitol, gluconate, and 2-keto- 
gluconate. Alkaline phosphatase, naphthol-AS-BI-phos- 
phohydrolase, and f-galactosidase are positive, but acid 
phosphatase, o-galactosidase, o-glucosidase, leucine arylam- 
idase, valine arylamidase, trypsine, esterase (C4), esterase 
lipase (C8), lipase (C4), cystein arylamidase, chymotrypsin, 
P-glucuronidase, f-glucosidase, Macetyl-B-glucosaminidase, 
a-mannosidase, and a-fucosidase are negative. The usual 
components of bacterial cell walls such as muramic acid and 
diaminopimelic acid could not be detected. Major fatty acid 
components (>1.0%) include C,,, iso (3.5%), Ci (38.7%), 
Ciso 2-OH (4.4%), Ciso (2.396), Ciso 3-OH (1.396), Ciga 9c 
(43.3%), Ciso (1.5%), and C,,,, (1.5%). 

DNA G+C content (mol% ): 54.0 (HPLC). 

Type strain: YM26-026, KCTC 12870, MBIC 08280, NBRC 
103621. 

Sequence accession no. (16S rRNA gene): AB292183. 


Genus Ill. Coraliomargarita Yoon, Yasumoto-Hirose, Katsuta, Sekiguchi, Matsuda, Kasai and Yokota 2007c, 962" 


JAEWOO YOON AND BRIAN P. HEDLUND 


Co.ra.li.o.mar.ga.ri'ta. Gr. n. koralion coral; L. fem. n. margarita a pearl; N.L. fem. n. Coraliomargarita coral 
pearl, referring to a white-colony-forming coccoid microorganism isolated from seawater in a sample bottle 


of hard coral. 


Cocci, about 0.5 um x 1.2 um in diameter. Gram-stain-negative. 
Nonmotile. Obligately aerobic; nitrate not reduced. Growth is 
chemoorganotrophic and restricted to a small number of mono- 
and disaccharides, sugar alcohols, and organic acids. Colonies 
are white. Neither muramic acid nor diaminopimelic acid iden- 
tified in cell-wall extracts. Resistant to B-lactam antibiotics. Pre- 
dominant cellular fatty acids are C,,,, C,,, @9¢, and Cigo The 
major respiratory quinone is MK-7. 

DNA G+C content (mol % ): 53.9. 

Type species: Coraliomargarita akajimensis Yoon, Yasumoto- 
Hirose, Katsuta, Sekiguchi, Matsuda, Kasai and Yokota 2007c, 
9627. 


Further descriptive information 


Only a single strain of Coraliomargarita has ever been isolated. 
Like other members of the order Puniceicoccales, Coraliomarga- 
rita was isolated from the marine environment. Few sequences 
closely related to Coraliomargarita have been described in culti- 
vation independent censuses, so their ecological function and 
distribution in nature remain unclear. 

Cells of Coraliomargarita are uniform nonmotile cocci about 
0.5 um x 1.2 um in diameter (Figure 147). Amino acid analysis 
of the cell-wall hydrolysate indicates the absence of muramic 
acid and diaminopimelic acid in the cell wall, suggesting that 
the strain does not contain peptidoglycan. Consistent with 
this, Coraliomargarita is highly resistant to B-lactam antibiotics. 
However, like other members of the order Puniceicoccales, no 


detailed studies of the cell structure of Coraliomargarita have 
been conducted, so it is currently unknown whether these cells 
possess a structure similar to peptidoglycan. 


Enrichment and isolation procedures 


Currently no procedures to enrich Coraliomargarita are known, 
however, in the future it may be possible to devise strategies to 
enrich for or isolate Coraliomargarita based on its resistance to 
p-lactam antibiotics. Coraliomargarita was isolated from a sample 
containing the hard coral Galaxea fascicularis Linnaeus 1767 and 
surrounding seawater, which was diluted 1/10 in autoclaved, 
filtered seawater (v/v) and plated onto MA [3.74 g of marine 
broth 2216 (Difco), 750 ml of filtered seawater, 250 ml of dis- 
tilled water, and 15 g of agar]. 


Maintenance procedures 


For long-term storage, Coraliomargarita can be maintained 
at -80°C in 75% artificial seawater medium containing 30% 
glycerol as a cryoprotectant, or they can be freeze-dried. 


Procedures for testing special characteristics 


API 20E and API 50CH strips (bioMérieux) were used to 
determine physiological and biochemical characteristics. API 
20E, API 50CH, and API ZYM were read after 48 h incubation 
at 30°C and 48 h incubation at 30°C, respectively. B-Lactam 
antibiotic susceptibility test against novel isolate checked on 
1/5 marine agar 2216, using 8 mm paper disc (Advantec) 
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FIGURE 147. Transmission electron micrograph of negatively stained 
cell of Coraliomargarita akajimensis strain 04OKA010-24". Bar = 500 nm. 
(Reproduced with permission from Yoon et al., 2007c. Int. J. Syst. Evol. 
Microbiol. 57: 959-963.) 
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at the following antibiotic concentrations: ampicillin (1, 10, 
100, 500, or 1000 ug/ml) and penicillin G (1, 10, 100, 500, or 
1000 ug/ml) (Yoon et al., 2007b). Cell walls were prepared 
by the methods described by Schleifer and Kandler (1972) 
and amino acids in an acid hydrolysate of the cell walls were 
identified by TLC (Harper and Davis, 1979) and by HPLC, as 
their phenylthiocarbamoyl derivatives, with a model LC-10AD 
HPLC apparatus (Shimadzu) equipped with a Wakopak WS- 
PTC column (Wako Pure Chemical Industries) (Yokota et al., 
1993). 


Differentiation of the genus Coraliomargarita 
from other genera 


Coraliomargarita shares many phenotypic characteristics with 
other members of the order Puniceicoccales, which includes Puni- 
ceicoccus (Choo et al., 2007), Pelagicoccus (Yoon et al., 2007b, d), 
and Cerasicoccus (Yoon et al., 2007a). All are marine cocci that 
are Gram-stain-negative. All are extremely resistant to B-lactam 
antibiotics and lack muramic acid and meso-diaminopimelic 
acid. All have similar DNA G+C content (51.6-57.4 mol%) and 
possess menaquinones MK-7 as the predominant respiratory 
quinone. Due to the relatively small number of isolates repre- 
senting each of these genera, differential phenotypic charac- 
teristics are difficult to identify at present, therefore, 165 rRNA 
gene sequencing and phylogenetic analysis is recommended 
for differentiation (Figure 148). 


Opitutus terrae PB90-1 DSM 112461 (AJ229235) 
Opitutus sp. VeGlc2 (X99390) 
100'Opitutus sp. VeCb1 (X99391) 
Archaeological wood clone pACH90 (AY297806) 
Opitutus sp. VeSm13 (X99392) 
Opitutaceae bacterium TAV1 (AY587231) 
Opitutaceae bacterium TAV2 (AY587232) 
Opitutaceae bacterium TAV4 (AY587234) 
Opitutaceae bacterium TAV3 (AY587233) 
‘Alterococcus agarolyticus BCRC 19135T (AF075271) 
Epixenosomes of Euplotidium arenarium (Y 19169) 
“Fucophilus fucoidanolyticus” SI-1234 (AB073978) 
Coraliomargarita akajimensis 0440KA010-24T (AB266750) 
Opitutus sp. SA-9 (AY 695840) 
‘Akkermansia muciniphila ATCC BAA-835T (AY271254) 

“Chthoniobacter flavus" Ellin428 (AY 388649) 

Verrucomicrobium spinosum DSM 41361 (X90515) 
Prosthecobacter vanneervenii FC2 ATCC 7001991 (U60013) 
Prosthecobacter debontii FC3i ATCC 7002007 (U60014) 
100| r-Prosthecobacter fusiformis FC4 ATCC 253097 (U60015) 
93.4 —Prosthecobacter dejongeii FC1 ATCC 270917 (U60012) 
Escherichia coli ATCC 117757 (X80725) 


FIGURE 148. Neighborjoining phylogenetic tree based on 16S rRNA gene sequences analysis showing the posi- 
tion of Coraliomargarita in the class Opitutae. Numbers at the nodes indicate bootstrap value derived from 1000 
replications. Bar = 2% sequence divergence. (Modified with permission from Yoon et al., 2007c. Int. J. Syst. Evol. 


Microbiol. 57: 959-963.) 
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List of species of the genus Coraliomargarita 


1. Coraliomargarita akajimensis Yoon, Yasumoto-Hirose, Kat- 
suta, Sekiguchi, Matsuda, Kasai and Yokota 2007c, 962" 


a.ka.ji.men'sis. N.L. fem. adj. akajimensis pertaining to Aka- 
jima, an island in Okinawa, from which the type strain was 
isolated. 


Main characteristics are the same as those given for the 
genus. In addition, cells are cocci, 0.5-1.2 um in diameter. 
Neither cellular gliding movement nor swarming growth is 
observed. Colonies grown on 1/2 R2A agar medium with 
75% Artificial seawater are circular, convex, and white. The 
optimum temperature range for growth is 20—30*C, and 
no growth occurs at 4 or 45°C. The pH range for growth is 
7.0-9.0. NaCl is required for growth and can be tolerated 
in an up to 5% solution (w/v). Urea and DNA are hydro- 
lyzed but agar, casein, esculin, and gelatin are not hydro- 
lyzed. Acetoin, onitrophenyl-p-p-galactosidase (ONPG), and 
tryptophan deaminase are positive, but the reactions for 
citrate utilization, arginine dihydrolase, lysine decarboxy- 
lase, ornithine decarboxylase, hydrogen sulfide, and indole 
production are negative. Acid is produced from glycerol, 
galactose, fructose, mannose, mannitol, sorbitol, trehalose, 


p-turanose, D-lyxose, D-tagatose, D-fucosue, L-fucose, D-arabi- 
tol, r-arabitol, and 5-keto-gluconate but not from erythritol, 
D-arabinose, L-arabinose, ribose, p-xylose, L-xylose, adonitol, 
methyl-B-p-xylopyranoside, glucose, sorbose, rhamnose, dul- 
citol, inositol, methyl-a-b-mannnopyranoside, methyl-o-p- 
glucopyranoside, Macetylglucosamine, amygdalin, arbutin, 
salicin, cellobiose, maltose, lactose, melibiose, sucrose, inu- 
lin, melezitose, rafinose, starch, glycogen, xylitol, gentiobi- 
ose, gluconate, and 2-keto-gluconate. The usual components 
of bacterial cell walls such as muramic acid and diamin- 
opimelic acid could not be detected. Major fatty acid com- 
ponents (22.076) include C, iso(8.2%), C,,,, (24.296), Ciso 
anteiso (2.9%), Cigo (3.396), Cig, @9¢ (23.5%), Cigo (15.5%), 
Ci, (2.896), and C, , (6.9%). 

Source: seawater in the sampling bottle of the hard coral, 
Galaxea fascicularis Linnaeus 1767, collected at Majanohama, 
Akajima in Japan. 

DNA G+C content (mol % ): 53.9 (HPLC). 

Type strain: 04OKA010-24, IAM 15411, JCM 23193, KCTC 
12865, MBIC 06463, NBRC 103620. 

Sequence accession no. (16S rRNA gene): AB266750. 
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Genus IV. Pelagicoccus Yoon, Yasumoto-Hiorse, Matsuo, Nozawa, Matsuda, Kasai and Yokota 20074, 1381” 


JAEWOO YOON AND BRIAN P. HEDLUND 


Pe.la.gi.coc’cus. L. n. pelagus the open sea, the ocean; N.L. masc. n. coccus (from Gr. masc. n. kokkos), 
berry; N.L. masc. n. Pelagicoccus referring to a coccoid-shaped bacterium from the sea. 


Cocci, 0.5 um x 1.2 um in diameter. Gram-stain-negative. Some 
species motile via one or more flagella. Obligately aerobic or 
facultatively anaerobic; nitrate not reduced. Growth is chemoor- 
ganotrophic and restricted to a small number of mono- and 
disaccharides, polysaccharides, and organic acids. Colonies are 
white or pale yellow. Neither muramic acid nor diaminopimelic 
acid identified in cell-wall extracts. Resistant to B-lactam anti- 
biotics. Predominant cellular fatty acids are Cio Cu 07c, and 
C,,,, anteiso. The major respiratory quinone is MK-7. 

DNA G+C content (mol 96): 51.6-57.4. 

Type species: Pelagicoccus mobilis Yoon, Yasumoto-Hiorse, 
Matsuo, Nozawa, Matsuda, Kasai and Yokota 2007d, 1381V*. 


Further descriptive information 


All strains of the genus Pelagicoccus have been isolated from shal- 
low coastal marine or estuarine waters. All of the isolates were 
associated with natural or unnatural solid substrates, suggesting 
that these organisms are normally epibionts rather than free- 
living in their environment. Since Pelagicoccus croceus was iso- 
lated from a marine plant and Pelagicoccus albus and Pelagicoccus 
litoralis were enriched by using an in situ cultivation approach 
using plant exudates as enrichment substrates, the outer sur- 
face of marine plants is likely a common habitat of members of 
this genus. However, these organisms have never been enumer- 
ated in their environment, and they have not been detected or 
studied by cultivation-independent approaches so their ecologi- 
cal function and full distribution in nature remain unclear. 
Cells of Pelagicoccus are uniform cocci, with different size, 
depending on the species (Figure 149). Pelagicoccus mobilis is 
motile via one or more flagellum; neither flagella nor mobility 


has been observed in the other species of Pelagicoccus. Some 
cells of Pelagicoccus mobilis have cell appendages. Amino acid 
analysis of the cell-wall hydrolysate indicates the absence of 
muramic acid and diaminopimelic acid in the cell wall, which 
suggests that the isolates do not contain peptidoglycan. Consis- 
tent with this, Pelagicoccus is highly resistant to B-lactam antibiot- 
ics. However, like other members of the order Puniceicoccales, no 
detailed studies of the cell structure of Pelagicoccus have been 
conducted, so it is currently unknown whether these cells pos- 
sess a structure similar to peptidoglycan. 


Enrichment and isolation procedures 


Currently no procedures to specifically enrich Pelagicoccus are 
known. However, with the knowledge that neither muramic acid 
nor diaminopimelic acid were identified in cell-wall extracts, 
and that Pelagicoccus isolates are resistant to high concentrations 
of B-lactam antibiotics, a future strategy that relies on resistance 
to these antibiotics may be devised. 

Pelagicoccus mobilis was isolated by plating a seawater sample 
from a coral reef near Palau directly onto marine broth 2216 
(Difco) supplemented with 1% (w/v) CaCO, and 1.5% (w/v) 
agar (Yoon et al., 2007d). Pelagicoccus croceus was isolated from a 
homogenate of a leaf of the marine plant Enhalus acoroides (L.f.) 
Royale from the Kuira River mangrove estuary, Iriomotejima, 
Okinawa, Japan. The leaf was homogenized in sterile distilled 
water, diluted, and plated directly onto diluted, solidified 
marine broth 2216 (Difco) supplemented with 10 mg jack bean 
lectin concanavalin A (Wako)/ml. To prepare this medium, 
3.74 g marine broth 2216, 15 g agar, 250 ml artificial seawater 
(Lyman and Fleming, 1940) and 750 ml distilled water were 
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FIGURE 149. ‘Transmission electron micrographs of negatively stained cells of Pelagicoccus mobilis (a-c), 
Pelagicoccus albus (d), and Pelagicoccus litoralis (e). Bar = 500 nm. (Reproduced with permission from Yoon et al., 


2007d. Int. J. Syst. Evol. Microbiol. 57: 1377-1385.) 


mixed and autoclaved, after which a solution of 2.5 ml conca- 
navalin A prepared at a concentration of 4 mg/ml in sterile 
distilled water was added (Yoon et al., 2007b). 

Pelagicoccus albus and Pelagicoccus litoralis were enriched in situ 
by using polyurethane foam (PUF) blocks impregnated with 
agar containing dilute organic compounds (Yasumoto-Hirose 
et al., 2006). Strains of Pelagicoccus albus were enriched by a 3-d 
incubation of a PUF block off the coast of Palau. The PUF block 
was impregnated with sterile seawater containing 0.1% (w/v) 
7-hydroxyflavone and 1.5% (w/v) agar. Strains of Pelagicoccus 
litoralis were enriched by a 2-week incubation of PUF blocks 
supplemented with HV agar (Hayakawa and Nonomura, 1987) 
in 90% seawater containing 0.1% (w/v) collidine or 0.1% (w/v) 
vanillin. PUF blocks were homogenized with a glass rod in 5 ml 
of sterile seawater. A 50-100 ml sample of the homogenate was 
plated onto “P” medium (Pelagicoccus albus; Yoon et al., 2007d) 
or onto HV medium containing 90% seawater with 40 mg/ml 
of nalidixic acid and 100 mg/ml of cycloheximide (Pelagicoccus 
litoralis; Yoon et al., 2007d). 


Maintenance procedures 


For long-term storage, Pelagicoccus can be maintained at -80°C 
in 7596 artificial seawater medium containing 3096 glycerol as a 
cryoprotectant or they can be freeze-dried. 


Procedures for testing special characteristics 


API 20E, API 50CH, and API ZYM strips (bioMérieux) were used 
to determine physiological and biochemical characteristics. API 
20E and API 50CH tests were read after 72 h incubation at 30°C 
and API ZYM tests were read after 4 h incubation at 37°C, respec- 
tively. B-Lactam antibiotic susceptibility test against novel isolate 
checked on marine agar 2216 and half-strength R2A agar, using 
8 mm paper disc (Advantec) at the following antibiotic concen- 
trations: ampicillin (1, 10, 100, 500, or 1000 ug/ml) and peni- 
cillin G (1, 10, 100, 500, or 1000 ug/ml) (Yoon et al., 2007b). 
Cell walls were prepared by the methods described by Schleifer 
and Kandler (1972) and amino acids in an acid hydrolysate of 
the cell walls were identified by TLC (Harper and Davis, 1979) 
and by HPLC, as their phenylthiocarbamoyl derivatives, with a 
model LC-10AD HPLC apparatus (Shimadzu) equipped with 
a Wakopak WS-PTC column (Wako Pure Chemical Industries, 
1989) (Yokota et al., 1993). 


Differentiation of the genus Pelagicoccus 
from other genera 


Pelagicoccus shares many phenotypic characteristics with 
other members of the order Puniceicoccales, which includes 
Puniceicoccus (Choo et al, 2007), Coraliomargarita (Yoon 
et al., 2007c), and Cerasicoccus (Yoon et al., 2007a). All are 
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marine cocci that are Gram-stain-negative. All are extremely 
resistant to B-lactam antibiotics and lack muramic acid and 
meso-diaminopimelic acid. All have similar DNA G+C con- 
tent (51.6-57.4 mol%) and possess menaquinone MK-7 as 
the predominant respiratory quinone. Due to the relatively 
small number of isolates representing each of these genera, 
differential phenotypic characteristics are difficult to iden- 
tify at present, therefore, 16S rRNA gene sequencing and 


List of species of th 


1. Pelagicoccus mobilis Yoon, Yasumoto-Hiorse, 
Nozawa, Matsuda, Kasai and Yokota 2007d, 1381V* 
mo.bi'lis. L. masc. adj. mobilis movable, mobile, referring to 
the ability to move by flagella. 


Matsuo, 


Main characteristics are the same as those given for the 
genus. In addition, cells are obligately aerobic cocci, 0.5— 
0.7 um in diameter. Motile by means of single or multiple 
flagella. Appendages are found on some cells. Neither cel- 
lular gliding movement nor swarming growth is observed. 
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phylogenetic analysis are recommended for differentiation 
(Figure 150). 


Differentiation of the species of the genus Pelagicoccus 


The species of Pelagicoccus can be differentiated by 16S rRNA 
gene sequencing and phylogenetic analysis (Figure 150). Char- 
acteristics that may be useful in the differentiation of the spe- 
cies of the genus Pelagicoccus are listed in Table 159. 


e genus Pelagicoccus 


Colonies grown on 1/2 R2A agar medium with 75% artifi- 
cial seawater are circular, convex, and white. The tempera- 
ture range for growth is 20-37*C, optimally at 28-30°C, but 
no growth occurs at 4 or 45°C. The pH range for growth 
is 7.0-9.0. NaCl is required for growth; can tolerate up to 
4% (w/v) NaCl. Growth occurs in the presence of ampicillin 
(1-1000 ug/ml) and penicillin G (1-1000 ug/ml). Catalase 
reaction is negative, whereas oxidase is positive. Esculin and 
urea are hydrolyzed, but agar, DNA, starch, and gelatin are 
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Opitutus sp. VeSml 


na 


84.2 


saat 


Opitutus sp. 


“Ch 
94.5 e 


0.05 substitutions per site 


Opitutus Sp. 


Escherichia coli ATCC 117757 (X80725) 


Opitutus sp. SA-9 (AY 695840) 
Epixenosomes of Euplotidium arenarium (Y 19169) 


Puniceicoccus vermicola IMCC1545T (DQ539046) 
Coraliomargarita akajimensis 04OK A010-24T (AB266750) 
“Fucophilus fucoidanolyticus” SI-1234 (AB073978) 

obilis 02P A-Ca-133T (AB286015) 


Pelagicoccus albus YM14-2017 (AB286016) 
Pelagicoccus litoralis H-MN57T (AB286017) 
Pelagicoccus litoralis MN1-156 
Pelagicoccus litoralis H-MN48 

‘Alterococcus agarolyticus BCRC 19135T (AF075271) 
Opitutaceae bacterium TAV1 (AY587231) 
Opitutaceae bacterium TAV3 (AY587233) 
Opitutaceae bacterium TAV4 (AY587234) 
Opitutaceae bacterium TAV2 (AY587232) 


3 (X99392) 


Archaeological wood clone pACH (AY297806) 


Opitutus terrae PB90-1 DSM 112461 (AJ229235) 
Opitutus terrae PB90-3 (AJ229239) 
Opitutus ter. 


rae ACB90 (AJ229246) 


VeCb1 (X99391) 
VeGlc2 (X99390) 


thoniobacter flavus" Ellin428 (AY 388649) 


Verrucomicrobium spinosum DSM 4136! (X90515) 

Prosthecobacter vanneervenii FC2 ATCC 7001997 (U60013) 
oo.g[ Prosthecobacter debontii FC3i ATCC 700200" (U60014) 
Prosthecobacter dejongeii FC1 ATCC 270917 (U60012) 


Prosthecobacter fusiformis FC4 ATCC 253097 (U60015) 


Rubritalea marina Pol012T (DQ302104) 
"Akkermansia muciniphila Muc ATCC BAA-835T (AY271254) 


FIGURE 150. Maximundikelihood phylogenetic tree showing the positions of Pelagicoccus strains. The numbers 


at the branch nodes are bootstrap values based on 1000 


replications. The sequence of Escherichia coli ATCC 117751 


was used as the outgroup. Bar = 0.05 substitutions per site. (Modified with permission from Yoon et al., 2007d. Int. 


J. Syst. Evol. Microbiol. 57: 1377-1385.) 
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TABLE 159. Characteristics differentiating species of the genus Pelagicoccus? 


Characteristic P. mobilis P. albus P. litoralis P. croceus 


Cell diameter (um) 0.5-0.7 0.8-1.2 1.0-1.2 0.5-1.0 
Flagella * - = = 
Appendage + m = = 
Motility + = = 

O, requirement Obligately aerobic Facultatively anaerobic Obligately aerobic 
Production of: 


Obligately aerobic 


Catalase _ 
ONPG _ 
Growth at 4° C _ 
Growth at 37°C + 
NaCl range (%) 
Hydrolysis of: 

DNA - 
Urea + 
Acid production from: 

Cellobiose + 
Glucose + 
Lactose + 
Melibiose _ 


Enzyme activity: 


Acid phosphatase + 
a-Galactosidase - 
a-Glucosidase - 
N-Acetyl-p-glucosaminidase + 


+ + + 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; w, weak reaction. 


not hydrolyzed. The reactions for acetoin, o-nitrophenyl-B-p- 
galactosidase (ONPG), tryptophan deaminase, citrate utili- 
zation, arginine dihydrolase, lysine decarboxylase, ornithine 
decarboxylase, hydrogen sulfide, and indole production are 
negative. Acid is produced from esculin ferric citrate, sali- 
cin, cellobiose, lactose, sucrose, trehalose, starch, glycogen, 
and gentiobiose, but not from glycerol, galactose, fructose, 
mannose, mannitol, sorbitol, D-turanose, D-lyxose, D-taga- 
tose, D-fucose, L-fucose, D-arabitol, L-arabitol, 5-keto-glucon- 
ate, erythritol, p-arabinose, L-arabinose, ribose, D-xylose, 
L-xylose, adonitol, methyl-B-p-xylopyranoside, glucose, sor- 
bose, rhamnose, dulcitol, inositol, methyl-a-b-mannnopyra- 
noside, methyl-a-p-glucopyranoside, Macetylglucosamine, 
amygdalin, arbutin, maltose, melibiose, inulin, melezitose, 
rafinose, xylitol, gluconate, and 2-keto-gluconate. Alkaline 
phosphatase, acid phosphatase, naphthol-AS-BI-phospho- 
hydrolase, and Macetyl-B-glucosaminidase are positive, but 
esterase (C4), esterase lipase (C8), lipase (C4), leucine 
arylamidase, valine arylamidase, cystein arylamidase, trypsin, 
chymotrypsin, a-galactosidase, p-galactosidase, B-glucuroni- 
dase, a-glucosidase, f-glucosidase, o-mannosidase, and 
a-fucosidase are negative. The usual components of bacte- 
rial cell walls such as muramic acid and diaminopimelic acid 
could not be detected. Major fatty acid components (>1.0%) 
include C., (5.8%), Ciso (5.9%), Ciso (23.3%), C... (2.196), 
C, 07c (15.1%), C,,,, iso (2.1%), Cu, iso (2.3%), and C 
anteiso (29.8%). 

Source: seawater from Palau. 

DNA G+C content (mol % ): 57.4 (HPLC). 

Type strain: 02PA-Ca-133, IAM 15422, JCM 23203, KCTC 
13126, MBIC 08004. 

Sequence accession no. (16S rRNA gene): AB286015. 
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2. Pelagicoccus albus Yoon, Yasumoto-Hiorse, Matsuo, Nozawa, 


Matsuda, Kasai and Yokota 2007d, 1381V* 


al'bus. L. masc. adj. albus white, referring to the dull-white 
color of colonies. 


Main characteristics are the same as those given for the 
genus. In addition, cells are facultatively anaerobic cocci, 
0.8-1.2 um in diameter. Neither cellular gliding movement 
nor swarming growth is observed. Colonies grown on 1/2 
R2A agar medium with 75% artificial seawater are circular, 
convex, and white. The temperature range for growth is 
15-37°C, optimally at 25-27°C, but no growth occurs at 4 or 
45°C. The pH range for growth is 6.5-9.0. NaCl is required 
for growth; can tolerate up to 7% (w/v) NaCl. Growth occurs 
in the presence of ampicillin (1-1000 ug/ml) and penicillin 
G (1-1000 ug/ml). Catalase- and oxidase-positive. DNA and 
esculin are hydrolyzed but agar, starch, gelatin, and urea are 
not. The reactions for acetoin, o-nitrophenyl-B-p-galactosi- 
dase (ONPG), and tryptophan deaminase are positive, but 
citrate utilization, arginine dihydrolase, lysine decarboxylase, 
ornithine decarboxylase, hydrogen sulfide, and indole pro- 
duction are negative. Acid is produced from esculin ferric cit- 
rate and 5-keto-gluconate, but not from glycerol, galactose, 
fructose, mannose, mannitol, sorbitol, trehalose, p-turanose, 
D-lyxose, D-tagatose, p-fucose, L-fucose, D-arabitol, L-arabitol, 
erythritol, p-arabinose, L-arabinose, ribose, D-xylose, L-xylose, 
adonitol, methyl-B-p-xylopyranoside, glucose, sorbose, rham- 
nose, dulcitol, inositol, methyl-a-b-mannnopyranoside, 
methyl-a-p-glucopyranoside, N-acetylglucosamine, amygda- 
lin, arbutin, salicin, cellobiose, maltose, lactose, melibiose, 
sucrose, inulin, melezitose, rafinose, starch, glycogen, xyli- 
tol, gentiobiose, gluconate, and 2-keto-gluconate. Alkaline 
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phosphatase, acid phosphatase, naphthol-AS-BI-phosphohy- 
drolase, o-galactosidase, B-galactosidase, and o-glucosidase 
are positive, but leucine arylamidase, valine arylamidase, 
trypsine, esterase (C4), esterase lipase (C8), lipase (C4), 
cystein arylamidase, chymotrypsine, B-glucuronidase, B-glu- 
cosidase, N-acetyl-B-glucosaminidase, o-mannosidase, and 
a-fucosidase are negative. The usual components of bacte- 
rial cell walls such as muramic acid and diaminopimelic acid 
could not be detected. Major fatty acid components (21.096) 
include C,,, (4%), C,,,, (1.7%), Ciso (23.8%), Cigg (1.2%), 
C,,., o7¢ (14.5%), Ciso iso(2.3%), Ciso anteiso (37.5%), C 
2-OH (5.5%), and Ciso 3-OH (1.4%). 

Source: seawater from Palau using an in situ cultivation 
technique. 

DNA G+C content (mol96): 57.2 (HPLC). 

Type strain: YM14-201, IAM 15421, JCM 23202, KCTC 
13124, MBIC 08272. 

Sequence accession no. (16S rRNA gene): AB286016. 


13:0 


. Pelagicoccus croceus Yoon, Oku, Matsuo, Matsuda, Kasai 
and Yokota 2007b, 2877'" 


cro.ce’us. L. masc. adj. croceus saffron-colored, yellow, golden, 
referring to the pale yellow color of colonies. 


Main characteristics are the same as those given for the 
genus. In addition, cells are obligately aerobic, nonmo- 
tile cocci, 0.5-1.0 um in diameter. Neither cellular glid- 
ing movement nor swarming growth is observed. Colonies 
grown on 1/5-strength marine agar 2216 are circular, con- 
vex, and pale yellow. The temperature range for growth is 
20—30*C, optimally at 25-30*C, but no growth occurs at 4 or 
45*C. The pH range for growth is 6.5-9.0. NaCl is required 
for growth; tolerates up to 5% (w/v). Growth occurs in the 
presence of ampicillin (1-1000 mg/ml) and penicillin G 
(1-1000 mg/ml). Catalase- and oxidase-positive. Nitrate is 
not reduced. Esculin is hydrolyzed but agar, DNA, starch, 
gelatin, and urea are not. The reaction for ONPG is posi- 
tive, but acetoin, tryptophan deaminase, citrate utiliza- 
tion, arginine dihydrolase, lysine decarboxylase, ornithine 
decarboxylase, hydrogen sulfide, and indole production 
are negative. Acid is produced from methyl B-b-xylopyrano- 
side, methyl a-n-mannnopyranoside, esculin ferric citrate, 
lactose, melibiose, D-turanose, D-lyxose, p-tagatose, and 
5-ketogluconate, but not from sucrose, glycerol, galactose, 
fructose, mannose, mannitol, sorbitol, trehalose, p-fucose, 
L-fucose, D-arabitol, r-arabitol, erythritol, p-arabinose, 
L-arabinose, ribose, D-xylose, r-xylose, adonitol, glucose, 
sorbose, rhamnose, dulcitol, inositol, methyl a-p-glucopyra- 
noside, N-acetyl-p-glucosamine, amygdalin, arbutin, salicin, 
cellobiose, maltose, inulin, melezitose, raffinose, starch, 
glycogen, xylitol, gentiobiose, gluconate, or 2-ketoglucon- 
ate. Alkaline phosphatase, leucine arylamidase, and acid 
phosphatase are positive, but B-galactosidase, naphthol- 
AS-Bl-phosphohydrolase, agalactosidase, a-glucosidase, 
valine arylamidase, trypsin, esterase (C4), esterase lipase 
(C8), lipase (C4), cystine arylamidase, chymotrypsin, 
P-glucuronidase, -glucosidase, ^ Macetyl-p-glucosamini- 
dase, a-mannosidase, and afucosidase are negative. The 
usual components of bacterial cell walls such as muramic 
acid and diaminopimelic acid could not be detected. Major 


fatty acid components (21.0 %) include C,,, (1.3%), C 
(21.296), Ciso (20.7%), Ciz (6.8%), Ciz 6c (2.6%), C 
7c (12.7%), Cg @9c (1.596), Ciso iso (1.8%), C 
(25.4%), and C; anteiso (1.5%). 

Source: leaf surface of seagrass Enhalus acoroides (L.f.) 
Royle. 

DNA G+C content (mol % ): 51.6 (HPLC). 

Type strain: N5FB36-5, KCTC 12903, MBIC 08282. 

Sequence accession no. (16S rRNA gene): AB297922. 
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. Pelagicoccus litoralis Yoon, Yasumoto-Hiorse, Matsuo, 


Nozawa, Matsuda, Kasai and Yokota 2007d, 1383’? 
li.to.ra'lis. L. masc. adj. litoralis pertaining to the coast. 


Main characteristics are the same as those given for the 
genus. In addition, cells are obligately aerobic cocci, 1.0-1.2 
um in diameter. Neither cellular gliding movement nor 
swarming growth is observed. Colonies grown on 1/2 R2A 
agar medium with 75% artificial seawater are circular, con- 
vex, and white. The temperature range for growth is 4-30^C, 
optimally at 25-27°C, but no growth occurs at 45°C. The 
pH range for growth is 6.5-9.0. NaCl is required for growth 
and can tolerate up to 4% (w/v) NaCl. Growth occurs in 
the presence of ampicillin (1-1000 ug/ml) and penicillin 
G (1-1000 pg/ml). Catalase- and oxidase-positive. Esculin is 
hydrolyzed but agar, DNA, starch, gelatin, and urea are not. 
The reactions for acetoin, onitrophenyl-B-p-galactosidase 
(ONPG), and tryptophan deaminase are positive, but cit- 
rate utilization, arginine dihydrolase, lysine decarboxylase, 
ornithine decarboxylase, hydrogen sulfide, and indole pro- 
duction are negative. Acid is produced from esculin ferric 
citrate, melibiose, sucrose, and 5-keto-gluconate, but not 
from glycerol, galactose, fructose, mannose, mannitol, sor- 
bitol, trehalose, p-turanose, D-lyxose, D-tagatose, D-fucose, 
L-fucose, D-arabitol, r-arabitol, erythritol, p-arabinose, 
L-arabinose, ribose, D-xylose, L-xylose, adonitol, methyl- 
p-o-xylopyranoside, glucose, sorbose, rhamnose, dulcitol, 
inositol, methyl-a-b-mannnopyranoside, methyl-a-p-glu- 
copyranoside, N-acetylglucosamine, amygdalin, arbutin, sali- 
cin, cellobiose, maltose, lactose, inulin, melezitose, rafinose, 
starch, glycogen, xylitol, gentiobiose, gluconate, and 2-keto- 
gluconate. Alkaline phosphatase and f-galactosidase are 
positive, but acid phosphatase, naphthol-AS-BI-phospho- 
hydrolase, o-galactosidase, o-glucosidase, leucine arylami- 
dase, valine arylamidase, trypsin, esterase (C4), esterase 
lipase (C8), lipase (C4), cystein arylamidase, chymotrypsin, 
P-glucuronidase, B-glucosidase, N-acetyl-B-glucosaminidase, 
a-mannosidase, and o-fucosidase are negative. The usual 
components of bacterial cell walls such as muramic acid and 
diaminopimelic acid could not be detected. Major fatty acid 
components (21.096) include C,,, (4.4%), Ciso (4.5%), C 
(14.3%), C,,, (1.3%), Ciso (1.4%), Cier 7c (20.7%), C 
iso (1.1%), Ciso iso (1.7%), C,,,, anteiso (38.1%), and C 
2-OH (5.7%). 

Source: seawater from Heita Bay, Japan, using an ¿n situ cul- 
tivation technique. 

DNA G+C content (mol % ): 56.4 (HPLC). 

Type strain: H-MN57, IAM 15423, JCM 23204, KCTC 13125, 
MBIC 08273, NBRC 103622. 

Sequence accession no. (16S rRNA gene): AB286017. 
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Class III. Spartobacteria class. nov. 


PETER H. JANSSEN, KYLE C. CosrA AND BRIAN P. HEDLUND 


Spar.to.bac.te'ri.a. Gr. adj spartos sown, in relation to the Spartoi, the sown men of the Cad- 
mus myth, who sprung from the soil; L. neut. n. bacterium (from Gr. dim. neut. n. bakterion 
a small rod) rod; N.L. neut. pl. n. Spartobacteria sown small rods. 


On the basis of 16S rRNA gene sequence analyses, this group 
comprises one of the primary lineages in the phylum Verruco- 
microbia and is equivalent to subdivision 2 (Hugenholtz et al., 
1998) of the phylum. The majority of its members appear to be 
soil-inhabiting bacteria, while some are endosymbionts of nem- 
atodes. A few 16S rRNA gene sequences have been recovered 
from freshwater habitats. The Spartobacteria currently comprise 
one order, the Chthoniobacterales, and a single family, Chthoniobac- 
teriaceae. All members of this group are Gram-stain-negative. 
Type order: Chthoniobacterales ord. nov. 


Further descriptive information 


To date, there appear to be three groups within the class Spar- 
tobacteria; however, since they are only separated by shallow 
branch length and only one is represented by pure cultures, 
they are currently all grouped within the family Chthoniobacte- 
riaceae (Figure 151). Each of these groups is found predomi- 
nantly in soils, where they are the dominant verrucomicrobia 
in PCR-based censuses of soil bacteria (Axelrood et al., 2002; 
Borneman and Triplett, 1997; Chow et al., 2002; Dunbar et al., 
2002; Furlong et al., 2002; Holmes et al., 2000; Janssen, 2006; 
Liles et al., 2003; Macrae et al., 2000; Ochsenreiter et al., 2003; 
Ward-Rainey et al., 1995). Spartobacteria comprise up to 21.196 of 
16S rRNA gene clones in clone libraries derived from soil DNA 
and are generally highly represented. Janssen (2006) reported 
a mean of 6.3% spartobacteria clones in a compilation of 16S 
rRNA gene clone library data derived from 21 studies of diverse 
soils using bacterial and universal PCR primers and Sanger DNA 
sequencing. More recent studies based on 454 pyrosequencing 
of hundreds of thousands of 165 rRNA gene fragments from 
geographically disparate soil samples showed somewhat lower 


percentages of sequences representing the phylum Verrucomi- 
crobia (0.11-5%) (Elshahed et al., 2008; Fulthorpe et al., 2008; 
Lauber et al., 2009; Roesch et al., 2007). One phylotype, EA25, 
was shown by quantitative PCR to comprise up to 2 x 10° cells 
per gram of soil (Lee et al., 1996). Spartobacteria appear to be 
highly active in some soils, comprising from ~1 to ~10% of bacte- 
rial 16S rRNA in soils (Buckley and Schmidt, 2001, 2003; Felske 
and Akkermans, 1998; Felske et al., 1998, 2000). 

The family Chthoniobacteriaceaeis represented by ten isolates of 
which the species Chthoniobacter flavus is the only that has been 
taxonomically characterized (Sangwan et al., 2005). Chthoni- 
obacter flavus is an aerobic saccharolytic heterotroph isolated 
from Australian soil (Sangwan et al., 2004). Relatives of this 
group have been detected in phylogenetic censuses of diverse 
soils including an alpine meadow (Costello and Schmidt, 2006), 
a broad-leaf evergreen forest (Chan et al, 2006), farm soil 
(Tringe et al., 2005), and grasslands. A somewhat separate clade 
is represented by three candidate species that appear to be obli- 
gate intracellular symbionts of different species of nematode 
(Vandekerckhove et al., 2002, 2000). Related 16S rRNA gene 
sequences have been recovered from geographically and geo- 
chemically distinct soils (Chan et al., 2006; Graff and Conrad, 
2005; Kim et al., 2007), a contaminated aquifer (Dojka et al., 
1998), and a sulfidic cave stream (Macalady et al., 2006). These 
uncultivated phylotypes are distant from “Candidatus Xiphine- 
matobacter", so it is unclear whether they have a symbiotic or 
free-living lifestyle. A more distantly related phylotype from a 
humic lake may or may not be related to this group (Newton 
et al., 2006). The third group in the class is represented only 
by 16S rRNA gene sequences retrieved from soils and has no 
cultivated relatives. 
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Class Verrucomicrobiae 
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pasture soil clone EB1104, AY395423 
— contaminated soil clone UA4, DQ298012 
r— grassland soil clone DA101, Y07576 
— unidentified clone EA25, U51864 
— trembling aspen rhizosphere clone Amb_16S_1883, EF019201 
— soil clone 27-1, AY326522 
r— grassland soil clone FCP0630, EF516182 
—— Nunnock River granitic landscape clone NR.1.035, EF494340 
_| — grassland soil clone FCPT389, EF515936 
— grassland soil clone FCPT521, EF516382 
[ — grassland soil clone FCPT576, EF516187 
— grassland soil clone FCPT552, EF516166 
—— trembling aspen rhizosphere clone Amb. 16S 1030, EF018414 
r— alpine tundra wet meadow soil clone CO4 WMSP1, DQ450784 
oil-polluted soil clone MO6 pitesti, DQ378228 
contaminated sediment clone 655901, DO404688 
— trembling aspen rhizosphere clone Amb 16S 1093, EF018467 
— freshwater sediment clone Par—s—7, EF632909 
alpine tundra wet meadow soil clone E03 WMSP1, DQ450786 
——— soil clone AH51, AY963344 
farm soil clone AKYH1181, AY921887 
coal mine soil clone SIP CM42, EU131041 
grassland soil clone FCPT465, EF515981 
— grassland soil clone FCPN729, EF516529 
soil isolate Ellin511, AY960774 
rd Chthoniobacter flavus, AY388649 
soil isolate Ellin509, AY960772 
| — soil isolate Ellin513, AY960776 
— soil isolate Ellin507, AY960770 
rairie soil clone FFCH5517, EU135441 
freshwater clone 59JA—28, AB154317 
r— Candidatus Xiphinematobacter americani, AF217460 
— Candidatus Xiphinematobacter rivesi, AF217461 
— — candidatus Xiphinematobacter brevicolli, AF217462 
poplar tree microcosm clone 21BSF33, AJ863244 
contaminated aquifer clone WCHD3-88, AF050561 
soil clone AS77, AY963437 
— soil clone 941—2, AY326524 
sulfidic cave stream biofilm zEL20, DO415814 
Humic Lake clone CrystalBog2KH1, AY792309 
mangrove soil clone MSB-4G11, DQ811931 


subphylum 3, uncultivated 


[ | .——7 subphylum 6, uncultivated 


,9eeoeJejoeqoiuou1uo., 


Class Opitutae 


subphylum 5 and 7, uncultivated 


Phylum Lentisphaerae 


FIGURE 151. Maximum likelihood phylogeny of Verrucomicrobia with heuristic correction showing nearly complete 
16S rRNA gene sequences present in version 91 of the SILVA database (Pruesse et al., 2007). All class-level groups 
were included, but all those except the Spartobacteria were wedged. The phylogeny was produced by using ARB 
(Ludwig et al., 2004) using Escherichia coli 16S rRNA gene nucleotides 110-1274. Alignments were unmasked. 
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Order |. Chthoniobacterales ord. nov. 


PETER H. JANSSEN AND BriAN P. HEDLUND 


Chtho.ni.o.bac.ter.a'les. N.L. masc. n. Chthoniobacter type genus of the order; -ales ending 
to denote an order; N.L. fem. pl. n. Chthoniobacterales the Chthoniobacter order. 


Encompasses bacteria isolated from soil environments and 
maternally transmitted endosymbionts of nematodes within 
the class Spartobacteria (Sangwan et al., 2004). The order con- 
tains the family Chthoniobacteraceae. Delineation of the order is 
determined primarily by phylogenetic information from 16S 
rRNA gene sequences. All known members of the order are 
rod-shaped or pleomorphic cells that are Gram-stain-negative 
and have a Gram-stain-negative cell structure. 


Type genus: Chthoniobacter gen. nov. 


Reference 


Sangwan, P., X. Chen, P. Hugenholtz and P.H. Janssen. 2004. Chthoni- 
obacter flavus gen. nov., sp. nov., the first pure-culture representative 
of subdivision two, Spartobacteria classis nov., of the phylum Verrucomi- 
crobia. Appl. Environ. Microbiol. 70: 5875-5881. 
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Family |. Chthoniobacteraceae fam. nov. 


PETER H. JANSSEN AND BRIAN P. HEDLUND 


Chtho.ni.o.bac.te.ra.ce’ae. N.L. masc. n. Chthoniobacter type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Chthoniobacteraceae the Chthoniobacter family. 


Rod-shaped or pleomorphic cells that stain Gram-negative. Non- 
motile. Nonsporeforming. Includes free-living micro-organisms 
in soil and symbionts of nematodes. Free-living organisms are 
aerobic and saccharolytic and use predominantly mono-, di-, and 
polysaccharides and their derivatives. Menaquinones are the only 
respiratory quinones detected, primarily MK-10 and MK-11. 

DNA G+C content (mol % ): 61. 

Type genus: Chthoniobacter Sangwan, Chen, Hugenholtz and 
Janssen 2010" (Effective publication: Sangwan, Chen, Hugen- 
holtz and Janssen 2004, 5880.) 


Further descriptive information 


Encompasses bacteria isolated from soil and associated 16S 
rRNA gene sequences recovered from soils and obligate cyto- 
plasmic symbionts of nematodes within the order Chthonobac- 
teriales. Delineation of the family is determined primarily by 
phylogenetic information from 165 rRNA gene sequences. Cur- 
rently the family is represented by the genera Chthoniobacter and 
“Candidatus Xiphinematobacter". 


Genus |. Chthoniobacter Sangwan, Chen, Hugenholtz and Janssen 2010"? (Effective publication: 
Sangwan, Chen, Hugenholtz and Janssen 2004, 5880.) 


PETER H. JANSSEN 


Chtho.ni.o.bac'ter. Gr. adj. chthonios born from the soil, also the name of one of the Spartoi of the Gr. 
Cadmus myth; N.L. masc. n. bacterthe equivalent of Gr. neut. n. baktron rod or staff; N.L. masc. n. Chthoni- 


obacter rod from the soil. 


Rods. Gram-stain-negative, with Gram-negative cell-wall struc- 
ture. Nonmotile. No endospores. Aerobe. Chemo-organ- 
otrophic metabolism. Monosaccharides, disaccharides, and 
polysaccharides support growth. Cells contain menaquinones 
and yellow pigment. 

DNA G+C content (mol % ): 61. 

Type species: Chthoniobacter flavus Sangwan, Chen, Hugen- 
holtz and Janssen 2010" (Effective publication: Sangwan, 
Chen, Hugenholtz and Janssen 2004, 5880). 


Enrichment and isolation procedures 


Janssen et al. (2002) isolated the type strain of Chthoniobacter 
flavus from soil using plates of diluted nutrient agar at pH 6.0. 
Later, Sangwan et al. (2005) screened colonies appearing on a 
range of media with a group-specific oligonucleotide probe to 
detect the presence of members of the phylum Verrucomicrobia, 
and obtained another nine isolates closely related to Chthoni- 
obacter flavus. These were all isolated from soil. Some of these 
isolates may belong to Chthoniobacter flavus, but others are likely 
to be members of new species of the genus. At this time, there 
is no known selective medium for strains of Chthoniobacter spp. 
The strategy used by Sangwan et al. (2005) of screening with 
group-specific oligonucleotide probes to detect the presence of 


members of the phylum Verrucomicrobia is the only published 
approach to obtain isolates other than by chance isolation. 


Maintenance procedures 


Cultures of Chthoniobacter flavus can be stored at -70°C in 
Difco nutrient broth containing 15% (v/v) glycerol. Cultures 
on plates can be maintained by 6-monthly subculture, and the 
plates stored at 4°C in sealed polyethylene bags. 


Taxonomic comments 


Only one strain, the type strain of Chthoniobacter flavus, has 
been formally assigned to this genus. Of nine strains of verru- 
comicrobia isolated by Sangwan et al. (2005), six were closely 
related to Chthoniobacter flavus, and shared >96% 16S rRNA 
gene sequence identity with the type strain. These are prob- 
ably members of the genus Chthoniobacter. The other three 
other isolates appear to be more distantly related («9396 16S 
rRNA gene sequence identity with Chthoniobacter flavus) , but all 
nine strains were phenotypically very similar to each other and 
to Chthoniobacter flavus. In the absence of more detailed char- 
acterization of other isolates, and the delineation of further 
species, the separation of genus- and species-specific character- 
istics is somewhat arbitrary. 


List of species of the genus Chthoniobacter 


1. Chthoniobacter flavus Sangwan, Chen, Hugenholtz and 
Janssen 2004, 5880 


fla'vus L. masc. adj. flavus yellow. 


Cells are oval in shape, singly or in pairs, each 1.4 um long 
and 0.9 um in diameter. Cells are not motile and have no 
flagella. Cells contain poly-B-hydroxybutyrate and polyphos- 
phate inclusions. Gram-stain negative, and Gram-negative 


cell-envelope structure, with peptidoglycan with direct 
cross-linkages of the Aly meso-Dpm type. The major cellular 
fatty acids are tetradecanoic acid, 12-methyl-tetradecanoic 
acid, cis9-hexadecenoic acid and/or 2-hydroxy-13-methyl- 
tetradecanoic acid, and hexadecanoic acid. Yellow pigmen- 
tation. Cells contain menaquinones MK-10 and MK-11. 
Form convex and entire colonies on agar surfaces. 
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Aerobic growth with sugars, sugar polymers, and pyruvate, 
but not with other organic acids, amino acids, or alcohols. No 
growth under anaerobic conditions, or with nitrate as elec- 
tron acceptor. Catalase- and oxidase-negative. No nifH gene. 

Grows at pH values of 4—7, and at temperatures between 
25 and 34°C, but not at 37°C. 


GENUS II. "CANDIDATUS XIPHINEMATOBACTER" 


The type strain was isolated from pasture soil in Victoria, 
Australia. 

DNA G+C content (mol % ): 53 (draft genome sequence). 

Type strain: Ellin428, ATCC BAA-1822. 

Sequence accession no. (16S rRNA gene): AY388649. 


Genus Il. "Candidatus Xiphinematobacter" Vandekerckhove, Willems, Gillis and Coomans 2000, 2203 


Tom T. M. VANDEKERCKHOVE, JASON B. NAVARRO, AUGUST Coomans AND BRIAN P. HEDLUND 


Xi.phi.ne.ma.to.bac'ter. Gr. neut. n. Xiphinema, -atos the genus name of the host organism; N.L. masc. n. 
bacterthe equivalent of Gr. neut. n. baktron a rod; N.L. masc. n. Xiphinematobacter the rod-shaped microbe 


associated with Xiphinema. 


Full-grown cells are rod-shaped with rounded ends, 0.7-1.0 
x 2.1-3.2 um; however, cells in the J, (first juvenile) stage of 
nematode development have a wrinkled, pleomorphic shape. 
The longer entities usually consist of a mother cell from which 
a daughter cell is budding, giving rise to serial pairs typical of 
this bacterial genus. In thin sections cells have two or three 
membranes consisting of, from inside to outside, a cytoplasmic 
membrane, an electron-dense outer membrane, and, in many 
individuals, a vacuolar membrane which is probably derived 
from the host cell membrane and which often shows disconti- 
nuities. No peptidoglycan layer is evident; however, a periplas- 
mic hexagonally arrayed monolayer of 10 nm protein units is 
sometimes present. Gram-stain-negative, nonmotile, and non- 
sporulating. DNA is often condensed at cell poles. Bacteria live 
as obligate cytoplasmic symbionts with maternal transmission 
in nematodes of the Xiphinema americanum group (Nematoda, 
Longidoridae), in which they are presumed to induce thelytok- 
ous (mother-to-daughter) parthenogenesis. 

DNA G+C content (mol96): not determined. 

Type species: “Candidatus Xiphinematobacter  brevicolli" 
Vandekerckhove, Willems, Gillis and Coomans 2000, 2208. 


Further descriptive information 


Intracellular bacterial symbionts in the female reproductive 
tissue of the dagger nematode Xiphinema (Figure 152) were 
identified by Vandekerckhove et al. (2000), who recovered 
16S rRNA gene sequences representing the phylum Verrucomi- 
crobia in three closely related species of nematode. Phyloge- 
netic analysis showed that the symbionts make up a distinct 
monophyletic lineage within the class Spartobacteria. Subse- 
quently the endosymbionts were confirmed as members of 
the phylum by fluorescent in situ hybridization (FISH) using 
a Verrucomicrobia-specific probe (Vandekerckhove et al., 2002) 
and the symbionts were grouped within the genus * Candidatus 
Xiphinematobacter". 

DAPI  (46-diamidino-2-phenylindole) staining con- 
firms transmission electron microscopic observations that 
“Candidatus Xiphinematobacter” DNA is normally condensed 
at cell poles (Figure 153), similar to cells of ectosymbionts of 
the ciliate Fuplotidium (Petroni et al., 2000). Unravelling of the 
vertical (maternal) transmission pathway by conventional epi- 
fluorescence microscopy upon DAPI staining (Coomans et al., 
2000) is corroborated by confocal laser scanning fluorescence 


microscopy using the FISH approach (Vandekerckhove et al., 
2002). 

"Candidatus Xiphinematobacter" appears to be the only 
bacterium living in association with dagger nematodes. Even 
the guts of Xiphinema specimens are devoid of other bacteria 
since these nematodes feed on root hair cells through a 400- 
450 nm diameter stylet, which shears incoming cells or blocks 
their entry. In juveniles, the endosymbionts occur in the gut 
epithelial cells. However, to be transmitted vertically * Candida- 
tus Xiphinematobacter" must access the developing oocytes as 
host nematodes molt from the final juvenile stage (J,) to adult. 
It appears that the primary route for the endosymbionts to 
travel from the gut epithelium to the oocytes occurs indirectly 
through yolk transfer (Coomans et al., 2000). Yolk is synthe- 
sized by the gut epithelia and secreted into the adjacent ovarian 
wall (or nurse) cells, in which endosymbionts proliferate. From 
there endosymbionts appear to be transferred to developing 
oocytes again with the yolk. *Candidatus Xiphinematobacter" 
undergoes a second proliferation in the egg; bacteria move 
to surround the nucleus of the intestinal stem cell of the early 
embryo (Figure 152), poising them to grow within the gut epi- 
thelia of the developing juvenile. 

“Candidatus Xiphinematobacter" has been demonstrated in 
the male gut epithelium of rare males of Xiphinema; however 
they are less numerous and more often coccus-like than in an 
average female. Endosymbionts are not found in the ripe testes 
(Figure 152) and vertical transmission through sperm is highly 
unlikely since sperm contain an extremely reduced cytoplasm. 
There is no evidence of an extracellular or free-living phase of 
“Candidatus Xiphinematobacter" and horizontal transmission 
seems extremely unlikely. 

“Candidatus Xiphinematobacter" has been observed in each 
of the hundreds of female specimens of the Xiphinema ameri- 
canum group that have been examined, though occasionally 
individuals with few symbionts are discovered. It has been 
suggested that "Candidatus Xiphinematobacter" symbionts 
induce thelytokous (mother-to-daughter) parthenogenesis 
in their nematode hosts since males of these species are rare 
(Coomans and Willems, 1998). This activity was previously 
only ascribed to the alphaproteobacterium Wolbachia, which 
is an obligate intracellular symbiont of arthropods and filarial 
nematodes. Indeed, the only known parthenogenic species of 
Xiphinema, members of the Xiphinema americanum group, are 
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FIGURE 152. Light microscopy of Xiphinema brevicollum. Arrowheads point to DNA lumps (often two, sometimes 
more when budding) at bacterial cell poles. (a) Transmitted light. Adult female with relevant parts of reproduc- 
tive system. The morphology is described in more detail in Coomans and Claeys (1998). (b) DAPI epifluorescence 
(Coomans et al., 2000). Intrauterine egg with dividing nucleus and endosymbiont accumulation at the egg pole 
where the gut stem cell will arise. A few very bright somatic nematode nuclei are also visible at the periphery. (c, d) 
Confocal fluorescence using FISH with the verrucomicrobial 16S rRNA probe EUB338-III (Vandekerckhove et al., 
2002). Adult female (c) with densely packed symbionts in an ovary and underlying gut, and adult male (d) with 


testis lacking symbionts. 


also the only members of the genus known to harbor bacterial 
endosymbionts. It is unknown whether other sex ratio alter- 
ing strategies employed by Wolbachia are used by “Candidatus 
Xiphinematobacter”, such as induction of feminization, killing 
of male embryos, or cytoplasmic incompatibility (reviewed by 
Stouthamer et al., 1999). 


Phylogeny and classification 


The three candidate species of “Candidatus Xiphinemato- 
bacter” are symbionts of different species of host nematode. 
The symbionts are phylogenetically well defined; they form a 
monophyletic group and share a mean 93% 16S rRNA gene 
homology. Related nucleic acid sequences from soil may or may 
not represent endosymbionts. The congruent branching order 
of “Candidatus Xiphinematobacter” and host nematodes phy- 
logenies is consistent with the vertical, rather than horizontal, 
transmission of the symbionts. 


Differentiation of the genus “Candidatus Xiphinemato- 
bacter” from closely related taxa 


“Candidatus Xiphinematobacter” can be presumptively iden- 
tified by its location within intestinal cells or ovarian cells in 
juveniles or adults, respectively, of “dagger” nematodes of the 
Xiphinema americanum group (Nematoda, Longidoridae). The 
genus Wolbachia is not found in this group of nematodes. 

Furthermore, “Candidatus Xiphinematobacter” displays a 
possibly unique combination of morphological peculiarities 
such as the occurrence of numerous serial pairs of cells (e.g., 
Figures 152 and 153), polar lumps of DNA (e.g., Figures 152 
and 153), and an aberrant Gram-stain-negative cell wall where 
the peptidoglycan layer is replaced by a paracrystalline protein 
monolayer (Figure 153). 

Confirmation of the phylogenetic identification can be 
obtained by 16S rRNA gene sequencing and phylogenetic stain- 
ing (e.g., FISH), as done by Vandekerckhove et al. (2000). 


List of species of the genus “Candidatus Xiphinematobacter” 


1. “Candidatus Xiphinematobacter brevicolli” Vandekerckhove, 
Willems, Gillis and Coomans 2000, 2203 


bre.vi.col'li. N.L. gen. n. brevicolli of the brevicollum species, 
i.e., lives in the species Xiphinema brevicollum. 


Characteristics as for the genus, of which it is the type spe- 
cies. Specific host is the nematode Xiphinema brevicollum, with 
which is has established the oldest of the three symbioses. 
It shares a mean corrected 16S rRNA gene identity with 
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FIGURE 153. Transmission electron microscopy of “Candidatus Xiphinematobacter” endosymbionts of dagger 
nematodes (Vandekerckhove et al., 2000). (a) Typical appearance of an actively budding cell. (b) Pleomorphic cell 
variant observed in the J, stage of nematode development. (c) Serial pair of bacterial mother and daughter cells just 
before budding off. Note the polar DNA lumps in both cells and the trilaminar envelope around them (as detailed 
in part d). (d) High magnification of the trilaminar structure surrounding “Candidatus Xiphinematobacter”. Note 
the absence of a peptidoglycan layer in the periplasm (left, cross section), which is replaced by a paracrystalline 
monolayer of hexagonally arrayed globular proteins (right, tangential section). 


“Candidatus Xiphinematobacter americani” sp. nov. and 
“Candidatus Xiphinematobacter rivesi” sp. nov. of about 
90%. 

DNA G+C content (mol % ): not determined. 

Type strain: no type strain. 

Sequence accession no. (16S rRNA gene): AF217462. 


. “Candidatus Xiphinematobacter americani" Vandekerck- 
hove, Willems, Gillis and Coomans 2000, 2203 


a.me.ri.ca'ni. N.L. gen. n. americani of the americanum spe- 
cies, i.e., lives in the species Xiphinema americanum. 


Characteristics as for the genus. Specific host is the nema- 
tode Xiphinema americanum. Closest relative is "Candidatus 
Xiphinematobacter rivesi" sp. nov., having a 16S rRNA gene 
sequence 3.15% distant. 


DNA G+C content (mol96): not determined. 
Type strain: no type strain. 
Sequence accession no. (16S rRNA gene): AF217460. 


3. “Candidatus Xiphinematobacter rivesi” Vandekerckhove, 


Willems, Gillis and Coomans 2000, 2203 


ri.ve'si. N.L. gen. n. rivesi of Rives, i.e., lives in the species 
Xiphinema rivesi. 


Characteristics as for the genus. Specific host is the nema- 
tode Xiphinema rivesi. Closest relative is “Candidatus Xiphine- 
matobacter americani" sp. nov, having a 16S rRNA gene 
sequence 3.15% distant. 

DNA G+C content (mol96): not determined. 

Type strain: no type strain. 

Sequence accession no. (168 rRNA gene): AF217461. 
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Phylum XXIV. Chlamydiae Garrity and Holt 2001 


MarTHiAs HORN 


Chla.my.di'ae. N.L. fem. pl. n. Chlamydiales type order of the phylum; N.L. fem. pl. n. Chlamydiae 


the phylum of the order Chlamydiales. 


The phylum Chlamydiae is based on phylogenetic analysis of 16S 
rRNA sequences, clearly separating its members (showing >80% 
16S rRNA sequence similarity with each other) from all other 
Bacteria by a long, deep branch in phylogenetic trees (Figure 
154). All known members of this phylum are nonmotile, obligate 
intracellular bacteria and multiply in eukaryotic hosts (animals 
including humans, or protozoa). Unlike most other bacteria, they 
show a developmental cycle characterized by morphologically 
and physiologically distinct stages. All chlamydiae characterized 
so far possess small genomes (1-2.4 Mb); they are metabolically 
impaired and need to import essential building blocks like nucle- 
otides, amino acids, and cofactors from their host cells. The intra- 
cellular life style of chlamydiae is thus thought to be an ancient 


trait of this phylum. Chlamydiae show a Gram-negative type cell 
wall, but they lack detectable amounts of peptidoglycan. They do 
not encode the cell division protein FtsZ, which is otherwise con- 
sidered essential for bacteria. Chlamydiae possess several unique 
proteins found in no other microorganisms (n = 59) (Griffiths 
et al, 2006) and conserved insertions and deletions in widely 
distributed proteins (Griffiths and Gupta, 2007; Griffiths et al., 
2005; Gupta and Griffiths, 2006). 

Members of the phyla Lentisphaera and Verrucomicrobia seem 
to be the closest free-living relatives of Chlamydiae based on phy- 
logenetic analysis of the 16S rRNA gene, concatenated protein 
datasets, and two unique inserts in LysRS and RpoB proteins 
(Griffiths and Gupta, 2007; Strous et aL, 2006; Wagner and 
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FIGURE 154. Phylogenetic tree showing the relationships of representative members of the Chlamydiae. The tree 
has been calculated with the ARB software, using a manually curated version of the SILVA database (SSU Ref, ver- 
sion 92) and the PhyML treeing algorithm implemented in ARB (Guindon et al., 2005; Ludwig et al., 2004; Pruesse 
et al., 2007). The HKY substitution model, empirical base frequency estimates, and a fixed transition/transversion 
ratio of 4.00 were used; non-parametric bootstrap analysis (100 resamplings) and a filter excluding highly variable 
positions were applied. Bar = 10% estimated evolutionary distance; arrow, to outgroup. 
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Horn, 2006). In addition, a phylogenetic relationship of the 
Chlamydiaewith the phyla Planctomycetes and Poribacteria has been 
proposed (Cavalier-Smith, 2002; Wagner and Horn, 2006). 


References 


Cavalier-Smith, T. 2002. The phagotrophic origin of eukaryotes and 
phylogenetic classification of Protozoa. Int. J. Syst. Evol. Microbiol. 
52: 297-354. 

Garrity, G.M. and J.G. Holt. 2001. The Road Map to the Manual. In 
Bergey’s Manual of Systematic Bacteriology, 2nd edn, vol. 1, The 
Archaea and the Deeply Branching and Phototrophic Bacteria (edited 
by Boone, Castenholz and Garrity). Springer, New York, pp. 119-166. 

Griffiths, E., A.K. Petrich and R.S. Gupta. 2005. Conserved indels in essen- 
tial proteins that are distinctive characteristics of Chlamydiales and pro- 
vide novel means for their identification. Microbiology 151: 2647-2657. 

Griffiths, E., M.S. Ventresca and R.S. Gupta. 2006. BLAST screening of 
chlamydial genomes to identify signature proteins that are unique 
for the Chlamydiales, Chlamydiaceae, Chlamydophila and Chlamydia 
groups of species. BMC Genomics 7: 14. 

Griffiths, E. and R.S. Gupta. 2007. Phylogeny and shared conserved 
inserts in proteins provide evidence that Verrucomicrobia are the 
closest known free-living relatives of chlamydiae. Microbiology 
153: 2648-2654. 

Guindon, S., F. Lethiec, P. Duroux and O. Gascuel. 2005. PHYML 
Online — a web server for fast maximum likelihood-based phyloge- 
netic inference. Nucleic Acids Res. 35: W557-W559. 

Gupta, R.S. and E. Griffiths. 2006. Chlamydiae-specific proteins and 
indels: novel tools for studies. Trends Microbiol. 74: 527-535. 

Ludwig, W., O. Strunk, R. Westram, L. Richter, H. Meier, Yadhuku- 
mar, A. Buchner, T. Lai, S. Steppi, G. Jobb, W. Forster, I. Brettske, 


CLASS I. CHLAMYDIIA 
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MATTHIAS Horn 


Chla.my.di'ia. N.L. fem. pl. n. Chlamydialestype order of the class; N.L. fem. pl. n. Chlamydiia 


the Chlamydiales class. 


Members of the class Chlamydiia have the following common 

features: an obligate intracellular life style, the absence of fla- 

gella and peptidoglycan, and a proteinaceous cell wall. The 

class Chlamydiia contains but a single order, the Chlamydiales. 
Type order: Chlamydiales Storz and Page 1971, 334. 
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Order I. Chlamydiales Storz and Page 1971, 334^- 


CHo-cHou Kuo, MATTHIAS HoRN AND RICHARD S. STEPHENS 


Chla.my.di.a'les. N.L. fem. n. Chlamydia type genus of the order; -ales ending to denote an 
order; N.L. fem. pl. n. Chlamydiales the Chlamydia order. 


Gram-stain-negative, obligately intracellular microorganisms that 
live in eukaryotes and may cause various diseases. The mode of 
multiplication within the cytoplasmic vacuoles is characterized 
by reorganization of small, rigid-walled, metabolically inactive 
infectious forms (elementary bodies) into large, flexible-walled, 
metabolically active forms (reticulate bodies) that are generally 
noninfectious and divide by binary fission. The developmental 
cycle is complete when the reticulate bodies reorganize into 


elementary bodies that survive extracellulary to infect new host 
cells upon their release from the host cell. The order Chlamyd- 
¿ales traditionally contained a single family, the Chlamydiaceae, 
which included the type genus Chlamydia. The recent discovery 
of novel chlamydia-related bacteria expanded the order Chla- 
mydiales to include four additional families, having 80-90% 
16S rRNA sequence similarity with the Chlamydiaceae (Everett 
et al., 1999; Rurangirwa et al., 1999; Thomas et al., 2006). Three 
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further families are added based on the descriptions of “Can- 
didatus Piscichlamydia salmonis”, “Candidatus Clavichlamydia 
salmonicola”, and “Candidatus Rhabdochlamydia porcellionis” 
(Draghi et al., 2004; Karlsen et al., 2008; Kostanjsek et al., 2004), 
respectively, all of which show 80-90% 16S rRNA sequence 
similarity with all other Chlamydiales families (Figure 154). 

For classification of members of the Chlamydiales at the fam- 
ily and genus level, the 16S rRNA sequence similarity thresh- 
olds proposed by Everett et al. (1999) are currently accepted. 
Members of a Chlamydiales family generally share 29096 16S 
rRNA similarity with each other; members of a Chlamydiales 
genus generally share 29596 16S rRNA sequence similarity, with 
the Chlamydiaceae being a notable exception. As the proposed 
separation of the Chlamydiaceae into the two genera Chlamydia 
and Chlamydophila (Everett et al., 1999) is not being used con- 
sistently in the scientific literature, it was recently proposed to 
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abandon the genus name Chlamydophila and to transfer all Chla- 
mydophila species to the genus Chlamydia (Bavoil and Wyrick, 
2006; Kalayoglu and Byrne, 2006). 

The order Chlamydiales consists currently of eight families, 
Chlamydiaceae, Clavichlamydiaceae, Criblamydiaceae, Parachlamy- 
diaceae, Piscichlamydiaceae, Rhabdochlamydiaceae, Simkaniaceae, 
and Waddliaceae. 

Further evidence for an even greater diversity of yet uncul- 
tured chlamydiae exists (Corsaro et al., 2003; Horn and Wagner, 
2001; Ossewaarde and Meijer, 1999). Several oligonucleotide 
probes for the identification of chlamydiae by fluorescence in 
situ hybridization at different taxonomic levels are available 
(Loy et al., 2007; Poppert et al., 2002). 

DNA G+C content (mol96) : 35.8-41.3. 

Type genus: Chlamydia Jones, Rake and Stearns 1945, 55^- 
emend. Everett, Bush and Andersen 1999, 430. 
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Family |. Chlamydiaceae Rake 1957, 957^ 


CHo-CHou Kuo AND RICHARD S. STEPHENS 


Chla.my.di.a.ce’ae. N.L. n. Chlamydia type genus of the family; -aceae ending to denote family; N.L. 


fem. pl. n. Chlamydiaceae the Chlamydia family. 


In the previous edition of Bergey’s Manual of Systematic Bacteri- 
ology (Volume 1, 1984), the family contained a single genus, 
Chlamydia. The family was emended to include an additional 
genus, Chlamydophila, by Everett et al. in 1999. The new genus 
and five species, Chlamydophila abortus, Chlamydophila caviae, 
Chlamydophila felis, Chlamydophila pecorum, Chlamydophila pneu- 
moniae, and Chlamydophila psittaci were validly published, but 


the scientific community has not uniformly adopted the use 
of the new genus name. For this reason, in this edition of the 
Manual the original genus Chlamydia is retained as the sole 
genus in the family and the five additional species are classi- 
fied in the genus. 

DNA G+C content (mol % ): 39-45. 

Type genus: Chlamydia Jones, Rake and Stearns 1945, 55°". 


846 


FAMILY |. CHLAMYDIACEAE 


Genus I. Chlamydia Jones, Rake and Stearns 1945, 55^ 


CuHo-CHou Kuo, RICHARD S. STEPHENS, PATRIK M. BAvoiL AND BERNHARD KALTENBOECK 


Chla.my'di.a. Gr. fem. n. chlamys, chlamydis a cloak; N.L. fem. n. Chlamydia a cloak. 


Coccoid, nonmotile, obligate intracellular organisms, 0.2-1.5 
[im in diameter that parasitize and multiply in the cytoplasm of 
eukaryotic cells within membrane bound vacuoles, termed inclu- 
sions, by a unique developmental cycle. The cycle is character- 
ized by physical changes in the outer membrane and nucleoid 
structure of metabolically inert elementary bodies that change 
into larger metabolically active reticulate bodies that divide by 
binary fission. The cycle is complete when reticulate bodies 
reorganize into intermediate bodies then to elementary bodies 
that exit the host cells and start a new generation of the devel- 
opmental cycle. In a young inclusion, only reticulate bodies are 
present. However in a mature inclusion, all three forms (reticu- 
late, intermediate, and elementary bodies) are present because 
the developmental cycle is not synchronized. The intracellular 
survival of the organism is facilitated by its ability to prevent 
fusion of lysosomes to chlamydia-containing inclusions by an 
unknown mechanism. 

Elementary bodies are 0.2-0.4 um in diameter, have elec- 
tron-dense DNA condensed with protein and a few ribosomes, 
and are surrounded by rigid trilaminar cell walls resistant to 
sonic lysis. Elementary bodies are infectious. Reticulate bodies 
are 0.6-1.5 um in diameter, have less dense, fibrillar nuclear 
material, more ribosomes, and plastic trilaminar walls that are 
sensitive to sonic lysis. Reticulate bodies are not infectious. 
Intermediate bodies are organisms in transition from reticulate 
bodies to elementary bodies that are variable in size and have a 
small plaque of dense nuclear material in the center of the cyto- 
plasm with a characteristic target-like appearance. Infectivity of 
intermediate bodies has not been demonstrated. 

Cell walls of elementary and reticulate bodies exhibit regular 
hexagonal arrays of subunits on the inner surface and single 
patches of hexagonal ordered hemispheric projections on their 
outer surface that resemble in structure the type III secretion 
apparatus of Gram-stain-negative bacteria. Cell walls contain 
lipopolysaccharide and are analogous in structure and composi- 
tion to walls of Gram-stain-negative bacteria, however, muramic 
acid is either absent or is present only in trace amounts in ele- 
mentary bodies. 

Chlamydiae cause a variety of diseases in humans, other mam- 
mals, and birds. Cultivation of Chlamydia in cell-free medium 
has not been achieved. They may be propagated in labora- 
tory animals, the yolk sac of chicken embryos, or in cell cul- 
ture. Chlamydiae require their hosts for low-molecular-weight 
synthetic intermediates that they use to synthesize DNA, RNA, 
proteins, and lipids. The genome size is among the smallest of 
prokaryotes, 1-1.3 x 10° bp. 

DNA G+C content (mol % ): 39-45. 

Type species: Chlamydia trachomatis (Busacca 1935) Rake 
1957, 958^ [Rickettsia trachomae (sic) Busacca 1935, 567]. 


Further descriptive information 


The voluminous Chlamydia literature has been exhaustively 
reviewed elsewhere. Some classical reviews, but mainly recent 
publications in books and articles of broad coverage on the sub- 
ject treated in this chapter have been cited individually under 


TABLE 160. Characteristics of chlamydial elementary and reticulate 
bodies*^ 


Characteristic Elementary Reticulate 


General: 
Diameter (um) 
Density (g/cm?) 
Time of appearance in 
developmental cycle 
Infectivity for new host cells * - 
Intravenous lethality for mice * = 
Immediate cytotoxicity in cell + = 
culture 
Cell wall: 
Rigidity 
Cross-linking of outer membrane 
Susceptibility to: 
Mechanical stress = 


0.2-0.4 
1.21 
Late 


0.5-1.5 
1.18 
Early 


Flexible 


+ 
Osmotic stress - + 
Lysis by trypsin _ + 
Trilamminar structure + + 
Projections on surface + + 
Hexagonal arrays on inner + + 

surface 
Muramic acid z nd 
Synthesis inhibited by penicillin + 
Genus-specific antigen $ + 
Hemagglutinin + 

Nucleic acids: 

DNA Compact 
RNA/DNA ratio 1 
Ribosomes Scanty 
Metabolism: 
Net generation of ATP - 7 
ATP/ADP transport system = = 
ATP-dependent liberation of CO, + + 
from glucose 6-P, pyruvate, 
glutamate, and aspartate 
ATP-dependent host-free protein = + 
synthesis 


Disperse 
3-4 
Abundant 


“Symbols: +, >85% positive; —, 0-15% positive; nd, not determined. 


"Adapted and modified from Table 9.13 in the chapter on the Genus Chlamydia in 
Bergey's Manual of Systematic Bacteriology, 1984, Vol. 1, p. 730. 


‘These experiments were conducted with mixtures of the two chlamydial cell 
types, so it is not certain whether only one or both types were responsible for the 
observed metabolic activity. 


Further Reading. Articles on the specific subjects discussed in 
this chapter are cited in the Bibliography Section in this book. 


Cell morphology and developmental cycle. The structural 
forms of chlamydiae as well as their composition and biology 
are highly dependent on the developmental cycle. Therefore, 
the description of these characteristics can only be described 
in the context of the developmental cycle. The properties 
of the two principal cell forms are summarized in Table 160 
and Figure 155. The developmental cycle may be divided into 
three phases: (1) attachment and entry of elementary bodies 
into host cells and their reorganization into reticulate bodies, 
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FIGURE 155. Flementary body form of chlamydiae is round, except 
for Chlamydia pneumoniae which is pear-shaped. (a) Chlamydia tracho- 
matis serovar B, strain TW-5, (b). Chlamydia pneumoniae strain TW-183. 
The reticulate body is round for all species. Bars = 0.1 um. (Repro- 
duced with permission from Grayston et al., 1989. Int. J. Syst. Bacteriol. 
39: 88-90.) 


(2) multiplication of reticulate bodies, and (3) conversion of 
a large fraction of the reticulate body population into a new 
generation of elementary bodies that are released from the host 
cells. The cycle is not synchronized, and each of the first two 
phases overlaps into the next succeeding one (Figure 156). 

The initial stage of interaction between chlamydiae and host 
cells involves the electrostatic interaction of elementary bod- 
ies with host cells, which requires divalent cations (Kuo and 
Grayston, 1976). This interaction is enhanced by polycations 
and inhibited by polyanions (Kuo et al., 1973). The binding 
is further secured by other ligands, such as the hsp70 molec- 
ular chaperone (Raulston et al., 1993), the OmcB protein 
(Stephens et al., 2001; Ting et al., 1995), and the major outer- 
membrane protein (Su et al., 1990). Ligands, such as the high 
mannose oligosaccharide, may be involved (Kuo et al., 1996). 
These interactions lead to the entry of elementary bodies into 
host cells by microfilament independent and perhaps receptor- 
mediated endocytosis (Wyrick et al., 1989), although the mech- 
anism remains uncharacterized. Candidate receptors, mannose 
receptor (Kuo et al., 2002), mannose 6-phosphate/insulin-like 
growth factor-2 receptor (Puolakkainen et al., 2005), and estro- 
gen receptor (Davis et al., 2002), have been suggested, however, 
use of these receptors may vary in different cell types and spe- 
cies. Uptake of chlamydia appears to be an actin-mediated pro- 
cess that may be directed by Chlamydia-specific proteins (Clifton 
et al., 2005). 

Ingestion of chlamydial elementary bodies requires expendi- 
ture of energy by the host but not by the parasite. Elementary 
bodies contain intrinsic ATPase activity. Disulfide bonds of the 
major outer-membrane protein of chlamydiae are reduced per- 
haps by the reducing agents of the host cell, such as glutathione, 
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FIGURE 156. Transmission electron micrograph of thin sections of 
mouse fibroblasts (L cells) infected with Chlamydia psittaci strain menin- 
gopneumonitis. Bars = 1.0 um. (a) At 2.5 h after infection. The arrow 
points to an elementary body that has just begun to differentiate into a 
reticulate body. (b) at 12 h after infection. The arrow points to a dividing 
reticulate body. (c) at 20 h after infection. The chlamydial population 
is almost entirely composed of dividing reticulate bodies. (d) at 30 h 
after infection. Some reticulate bodies are still dividing, but others 
have begun to reorganize into elementary bodies. EB, elementary 
body; RB, reticulate body; IB, intermediate body - a chlamydial cell 
intermediate in appearance between an elementary body and a 
reticulate body. (Reproduced with permission from Tribby et al., 1973. 
J. Infect. Dis. 127: 155-163.) 


to render the outer membrane permeable to host ATP which is 
then hydrolyzed by ATPase to generate energy for chlamydial 
metabolism immediately after entry into the host cells (Peel- 
ing et al., 1989). Ingested elementary bodies enter host cells 
inside phagosomes, which are cytoplasmic vacuoles surrounded 
by membranes derived from the plasma membranes of the host 
cell. Following ingestion of the phagocytized microorganisms 
and throughout the developmental cycle, some unidentified 
chlamydial activity(ies) prevents the fusion of lysosomes with 
phagosomes and destruction of the phagocytized organism. 
This fundamental property is seen only with live, but not with 
dead, elementary bodies. The Chlamydiabearing phagosomes 
are transported rapidly (within minutes) to a perinuclear region 
within the host cell (Majeed and Kihlstrom, 1991). In a mon- 
key model of subcutaneous autotransplantation of salpingeal 
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fimbrial tissues, this process happens within 10 min (Patton 
et al., 1998). Within the inclusion vacuole, the elementary body 
transforms quickly into the initial reticulate body which then 
grows and divides. The reticulate body is devoid of infectivity; 
its initially dense nucleoid is dispersed into more evenly distrib- 
uted fibrillar DNA, ribosomes increase in number, and the cell 
wall becomes thinner, more flexible, and more fragile. Comple- 
tion of the reorganization is signaled by division of the reticu- 
late body, which is first seen 8-10 h after infection (Chi et al., 
1987). 

Multiplication of chlamydiae is by binary fission of reticulate 
bodies without apparent septation. Budding of daughter cells 
that are much smaller in size, contain no nucleoids, and are not 
infectious has been observed. Nuclear segregation is accom- 
plished by separation of two low electron-dense zones filled with 
fine fibrillar material and indentation of walls at the plane of 
separation. From approximately 10-16 h after infection, a large 
fraction of the reticulate bodies is at some stage of division. The 
proportion of dividing forms decreases thereafter, but division 
occurs throughout the developmental cycle. Generally, within 
24 h after infection, the inclusion contains only reticulate 
bodies (Figure 156), and the doubling time during exponen- 
tial-phase growth is 2-3 h. Multiplication of reticulate bodies 
takes place within an expanding membrane-bound vacuole, or 
inclusion, that is an extension in time and space of the phago- 
cytic vacuole in which the parent elementary body was brought 
into the host cell. Chlamydiae acquire endogenously synthe- 
sized macromolecules produced by the Golgi apparatus, includ- 
ing sphingolipids (Scidmore et al., 1996). Thus, the biogenesis 
of the inclusion membrane, including the acquisition of lipids, 
occurs by the intersection of the lipid distribution pathway. In 
addition, proteins produced by the reticulate body remodel the 
inclusion membrane (Rockey and Rosquist, 1994). By 12-15 h 
after infection, chlamydial inclusions are large enough to be 
seen by ordinary light microscopy of stained cells or by phase- 
contrast microscopy of live cells. Near the end of the develop- 
mental cycle, an inclusion may contain hundreds of chlamydial 
cells and fill nearly the entire cytoplasm of the host cell. 

At 20-25 h after infection, host cell-associated infectivity 
begins to appear, and elementary bodies are seen again in elec- 
tron micrographs (Figure 156). The beginning of the matura- 
tion process is signaled by the up-regulation of nuclear-binding 
protein genes that produce eukaryoticlike histone proteins 
that condense nuclear material into an electron-dense mass 
located at the center of the cytoplasm. These condense within 
reticulate bodies to form intermediate bodies (Hackstadt et al., 
1991; Wagar and Stephens, 1988). Mature elementary bodies 
do not divide. Reticulate bodies continue to divide and reor- 
ganize into elementary bodies until the host cell can no longer 
support the multiplication of chlamydiae. Therefore, there is 
no clear-cut termination to the developmental cycle, although 
the end is usually considered to come 48-72 h after infection, at 
which time the maximum yields of infectious elementary bodies 
are obtained depending on the chlamydial strain. At this stage, 
all three developmental forms (reticulate, intermediate, and 
elementary bodies) coexist in an inclusion (Figure 156). The 
mechanism by which chlamydiae are released from host cells 
is poorly understood. Under cinematographic observation, the 
reticulate bodies are stationary and localized at the periphery 
of the inclusion, while the elementary bodies are in Brownian 
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movement (Neeper et al., 1990). At the point of contact with 
the inclusion membrane the outer envelope of the reticulate 
body is rearranged into a rigid, well-developed trilaminar struc- 
ture (Figure 157) (Peterson and de la Maza, 1988; Yang et al., 
1994). Prior to the release of the inclusion contents, inclusions 
appear to rotate within the cell, extend and retract large blunt 
protrusions at the plasma membrane of the host cell which last 
1-2 h, and eventually rupture to release the contents of the 
inclusion (Neeper et al., 1990). Two independent modes of cel- 
Iular exit that occur with approximately equal frequency in vitro 
have been characterized. One is extrusion of the inclusion from 
the infected cell (Hybiske and Stephens, 2007; Neeper et al., 
1990), and the second mechanism is lysis of the intracellular 
inclusion followed by lysis of the cell (Hybiske and Stephens, 
2007). Terminal release of lysosomal enzymes may speed dis- 
solution of moribund cells. The yield of infectious chlamydiae 
per host cell varies from 10 to nearly 1000 depending on many 
factors such as the chlamydial strain, the host cell, the culture 
conditions, and the method by which infectivity is measured. 


Cell walls and fine structure. The chlamydial cell exhibits 
a double-layer outer membrane (cell wall), a cytoplasmic mem- 
brane that is separated from the outer membrane by a narrow 
periplasmic space (Figure 155), hexagonally arrayed subunits 
lining the inner surface, and spatially related patches of hex- 
agonal projections on its outer surface (Figure 158) (Matsu- 
moto, 1981, 1982). The hexagonally arranged projections are 
likely type III secretion system-like structures (Bavoil and Hsia, 
1998; Hsia et al., 1997). It appears that these structures are also 
found in the reticulate body (Matsumoto, 1981). The morphol- 
ogy of chlamydial organisms is typically round except for the 
human biovar of Chlamydia pneumoniae which is pleiomorphic 
but typically pear-shaped and exhibits a large periplasmic space 
(Figure 155). Chlamydia pneumoniae with round morphology 
have been isolated, though these isolates also have a wider 
periplasmic space than the typical round elementary bodies 


FIGURE 157. Transmission electron-micrograph of a portion of a Chla- 
mydia pneumoniae inclusion in a ciliated bronchial epithelial cell in the 
mouse lungs demonstrating the outer envelope of reticulate body rear- 
ranged into a rigid well-developed trilaminar structure at the point of 
contact with the inclusion membrane (arrow). The reticulate body is 
undergoing division. Bar = 1.0 um. (Reproduced with permission from 
Yang et al., 1994. J. Infect. Dis. 770: 464—467.) 
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FIGURE 158. Hexagonally arrayed subunits lining the inner surface 
and spatially related patches of hexagonal projections on the outer 
surface revealed by freeze-etching of elementary bodies in Chlamydia 
psittaci. Bar = 1.0 um. Inset: individual elementary body illustrating the 
arrangement of projections. Bar = 100 nm. (Reproduced with permis- 
sion from Matsumoto, 1982. J. Bacteriol. 151: 1040-1042.) 


(Miyashita et al., 1997). One half of the protein content of the 
outer membrane is in the form of one protein with a molecular 
weight of approximately 40,000 (Caldwell et al., 1981) and hav- 
ing species and type-specific immunoreactivity (Kuo and Chi, 
1987). 


Nutrition and growth. Chlamydiae competitively acquire 
biosynthetic intermediates from the metabolic pools of their 
hosts, a process augmented by treatment of the host cell with 
cycloheximide or emetine (Alexander, 1968; Plaunt and Hatch, 
1988; Reed et al., 1981). Chlamydiae have free access to some 
constituents of these pools but not to exogenous substrates for 
ATP synthesis. Therefore, it is essential that chlamydiae transport 
and use exogenous ATP for their own biosynthetic needs. Nutri- 
tional requirements of chlamydiae cannot be strictly defined 
because cell-free growth has not been achieved. Therefore, 
determinations of the nutritional requirements of chlamydiae 
have been performed in embryonated eggs or in cultured cells. 
The observed requirements for amino acids determined in cell 
culture (Allan and Pearce, 1983a, b; Kuo and Grayston, 1990a) 
indicate that the number of required amino acids varies among 
the species, the biovars within the species, and the cell types 
(HeLa or McCoy) used for determination (Table 161). 


Metabolism. Investigations of the metabolism of host-free 
chlamydiae must be interpreted with two cautions in mind: (1) 
that the metabolic activities detected using host-free prepara- 
tions are not due to contamination with host enzymes; and (2) 
that the correct cell type, i.e., the reticulate body or elementary 
body, is examined. Metabolic activity is traditionally analyzed at 
20 h post-infection when the metabolic activity of chlamydiae 
is at its peak and the organisms are all in the reticulate body 
form, or at 48 h post-infection when there are mixed popula- 
tions of developmental forms and the majority are elementary 
bodies. It has long been apparent that the reticulate body is 
the metabolically active cell type, while the elementary body is 
metabolically inactive. In recent years, the cloning of mutant 
cells deficient in specific enzymes of energy and nucleotide 
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metabolic pathways has provided additional means for ana- 
lyzing chlamydial metabolism (Iliffe-Lee and McClarty, 1999; 
Tjaden et al., 1999). 

When separated from host cells, chlamydiae have few meta- 
bolic activities. They do not catabolize glucose, but they produce 
carbon dioxide from glucose 6-phosphate, glutamate, pyruvate, 
and aspartate in the presence of ATP, NADP, and other cofac- 
tors (Iliffe-Lee and McClarty, 1999). However, chlamydiae do 
not metabolize glutamate beyond succinate, and glutamate 
does not serve as an energy source. 

Cytochromes, flavins, and reactions that result in a net gain 
of ATP have not been demonstrated. Because chlamydiae 
have appeared in the past to be unable to synthesize their own 
high energy compounds, they have been described as “energy 
parasites" (Hatch et al., 1982). Genomic analysis has, however, 
revealed that Chlamydia species encode enzymes of energy pro- 
ducing pathways and substrate-level phosphorylation, indicat- 
ing that the energy burden of the chlamydiae is at least partially 
fulfilled by the Chlamydia themselves (Iliffe-Lee and McClarty, 
1999). 

Chlamydiae synthesize protein, lipid, and glycogen. Glyco- 
gen is produced and deposited within cytoplasmic inclusions of 
Chlamydia trachomatis, Chlamydia muridarum, and Chlamydia suis, 
but not in amounts detectable by iodine staining in inclusions 
of other chlamydial species (Gordon and Quan, 1965). Folic 
acid and its derivatives are synthesized by most strains of Chla- 
mydia trachomatis, Chlamydia muridarum, and Chlamydia suis but 
not by other chlamydial species (Lin and Moulder, 1966). Chla- 
mydiae also synthesize lipids such as phosphatidyl glycerol and 
branched-chain fatty acids that are characteristic of prokaryotes 
and are not found in their host cells (Reed et al., 1981). 

Chlamydiae are auxotrophic for ATP, GTP, and UTP. CTP is 
obtained from the host cell or synthesized from UTP (Tipples 
and McClarty, 1993). Chlamydiae contain two structural genes 
encoding nucleotide transport proteins (Npt), Nptl, and 
Npt2,,, respectively, for the uptake of ribonucleoside triphos- 
phate and transport of energy. Nptl,, mediates uptake of ATP by 
chlamydiae and Npt2,, mediates the exchange of ADP for ATP 
after ATP is catabolized to ADP by chlamydiae (Tjaden et al., 
1999). Paradoxically, chlamydiae have the functional capacity 
to produce their own ATP and reducing power because they 
contain the required functional enzymes. These enzymes are 
pyruvate kinase, phosphoglycerate kinase, and glyceraldehde-3- 
phophate dehydrogenase of glycolysis and glucose-6-phosphate 
dehydrogenase of the pentose phosphate pathway. The exis- 
tence of these enzymes has been demonstrated by complemen- 
tation in Eschericia coli mutants deficient in these specific genes 
(Iliffe-Lee and McClarty, 1999). 


Genetics. The DNA G«C content ranges from 39 to 45 
mol% (T.) (Table 162). The percentage DNA homology 
between the species and between the biovars within the species 
is presented in Table 162 (Cox et al., 1988; Fukushi and 
Hirai, 1992; Gerloff et al., 1970; Kingsbury and Weiss, 1968). 
Genome sequences for ten strains representing five chlamydial 
species have been reported with many more in progress. 
Chlamydia species have small genomes relative to most free- 
living organisms. The genome size varies from 1.03 x 10° bp for 
Chlamydia trachomatis to 1.23 x 10° bp for Chlamydia pneumoniae 
(Table 163). One of the remarkable outcomes from comparing 
genomes is how similar they are despite being separated 
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TABLE 161. Amino acid requirements of Chlamydia species determined in cell culture*” 


C. trachomatis 


C. pneumoniae 


Amino acid Ocular Genital LGV C. abortus C. caviae C. felis (human) Meningopneumonitis 
Arginine - - E - = = (d) = 
Cysteine - -= = = = = ES = 
Glutamine d d + + - + d = 
Histidine + + + = S - + z 
Isoleucine _ = = = 2 - (d) _ 
Leucine d d + + + + (+) + 
Lysine _ = = E = = - 
Methionine - d re = E - + " 
Phenylalanine * d + + + = + $ 
Threonine _ _ = = = = (d) _ 
Tryptophan + - - = = = + d 
Tyrosine - - - + = = d _ 
Valine + + + + + + (+) + 


“Symbols: +, >85% positive; d, different strains give different reactions (16-84% positive); —, 0-15% positive; ( ) indicates values from 90% amino acid depletion when 


100% depletion of amino acid resulted in cell detachment. 
‘Determined in McCoy cells (Chlamydia pneumoniae in HeLa cells). 


‘All serovars except H. 


TABLE 162. DNA G+C content and DNA relatedness based on DNA-DNA hybridization within and between species of the genus Chlamydia*® 


Percent relatedness to DNA from: 


DNA from species G+C (mol %) 


C. trachomatis 


C. psittact C. pneumoniae 


C. trachomatis: 


Trachoma 42-45 96-100 <5 <5 
Genital 42-45 96-100 <5 <5 
LGV 42-45 95-97 12 na 
C. muridarum 42-44 63 na na 
C. psittaci 39-42 <5 100 <5 
Meningopneumonitis* 39-43 11-12 93-96 na 
C. pneumoniae 40 «5-6 «5-7 94-100 
C. pecorum 39-42 1-10 na na 
C. abortus na 6 85 na 
C. caviae na <5 32 <5 
C. felis na 11 37 6-8 


"Strains tested: trachoma and genital (serovars A-E); Chlamydia psittaci (6BC, parakeet, ornithosis, chicken); Chlamydia pneumoniae (TW183, AR39, AR458, LR65); Data 


for Chlamydia suis are not available. 
bna, Data not available. 


‘Ferret, unclassified. 


by a 100 million years of evolution. Gene content identity of 
any chlamydial genome to that for the prototypical Chlamydia 
trachomatis (D/UW-3/Cx) isgreaterthan 90%. Given thesimilarity 
of the intracellular environment (niche) and the small genome 
size for all Chlamydia species, it could be expected that they 
would share a largely identical complement of genes. However, 
even more remarkable is the high level of conservation of the 
order of their genes, called genome synteny. Gene order is one 
of the least-conserved characteristics of bacteria as synteny is the 
first genomic property to be lost during evolution. This has not 
been the case for the Chlamydiaceae. For example, alignment of 
the genomes of Chlamydia trachomatis and Chlamydia muridarum 
results in precise conservation of gene order throughout the 
entire genome despite the fact that they are separated from a 
common ancestor over 50 million years ago as evidenced by 
sharing only 56% nucleotide identity between the genomes. 
Measurement of synteny between all available genomes reveals 
analogous outcomes (Table 163). The conclusion is that species 


of Chlamydia have been separated for a long geological time 
as reflected, for example, in 16S rRNA phylogenetic analyzes; 
nevertheless, they have changed very incrementally in the 
framework of biological evolution. 


Mutants. Targeted mutant strains have not been generated 
due to the lack ofa genetic tool for Chlamydiaceae. A nitrosoguani- 
dine-generated, temperature-sensitive attenuated mutant of 
Chlamydia abortus has been isolated and is used as a live vaccine 
against abortion of ewes in Europe (Rodolakis, 1983). 


Plasmids. Most Chlamydia species have a conserved 7500 
bp plasmid (Joseph et al., 1986; Palmer and Falkow, 1986) that 
is not required for growth in vitro (Peterson et al., 1990). The 
plasmid has been detected in nearly all isolates of Chlamydia 
trachomatis, Chlamydia psittaci and in one strain of Chlamydia 
pneumoniae (Thomas et al., 1997). There are four plasmid 
copies per elementary body chromosome for Chlamydia tracho- 
matis (Pickett et al., 2005). Clinical isolates representing the 
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lymphogranuloma venereum (LGV) biovar and the genital 
biovar that lack the common plasmid have been characterized 
(Peterson et al., 1990; Stothard et al., 1998). This suggests that 
the plasmid is not essential for growth and persistence in vivo 
(i.e., pathogenesis). Plasmids from each species encode eight 
analogous proteins whose functions in the biology of Chlamydia 
are unknown, further mystifying the role of plasmid in chla- 
mydial biology. 


Phages. Several phages that infect Chlamydiaspecies termed 
chlamydiaphages have been isolated and characterized. The 
first chlamydiaphage, named Chpl, was isolated from a Chla- 
mydia psittaci outbreak in a duck farm in England in 1982 (Rich- 
mond et al., 1982; Storey et al., 1989a; Storey et al., 1989b). 
Chpl forms large characteristic paracrystalline virion arrays 
that allow its identification by transmission electron microscopy. 
Several other chlamydiaphages were subsequently isolated from 
Chlamydia caviae (PhiCPG1) (Hsia et al., 2000), Chlamydia pneu- 
moniae (PhiAR39) (Read et al., 2000), Chlamydia abortus (Chp2) 
(Liu et al., 2000), and Chlamydia pecorum (Chp3) (Garner et al., 
2004). However, phages have not been isolated from Chlamydia 
trachomatis or Chlamydia muridarum. All chlamydiaphages iso- 
lated to date are members of the microviridae and are geneti- 
cally and structurally related to phages of Spiroplasma melliferum 
and Bdellovibrio bacteriovorus and more distantly to the coliphage 
phiX174. The phage host range is specified by a peptidic loop of 
the major capsid protein, VP1 (Read et al., 2000), and sequence 
variation within the loop is consistent with the observed over- 
lapping host ranges of the phages. For instance, PhiCPGl and 
PhiAR39, which have identical VP1 sequences, are both able 
to infect Chlamydia caviae and Chlamydia pneumoniae. However, 
Chp2, whose VPI sequence differs, may also infect Chlamydia 
caviae and other Chlamydia species (Everson et al., 2002), sug- 
gesting that distinct receptors to multiple phages exist at the 
surface of chlamydiae. Receptors for these phages have not 
been identified. The phage infectious cycle was characterized 
by transmission electron microscopy for phage PhiCPG1 infec- 
tion of Chlamydia caviae (Hsia et al., 2000). Briefly, PhiCP1 viri- 
ons gain access to intracellular chlamydiae by first attaching to 
and cointernalizing with extracellular elementary bodies. Once 
inside, the nascent inclusion virions infect the newly formed 
reticulate body. Abundant phage progeny are generated by 
rolling circle replication of the single-stranded DNA genome 
and packaging into phage procapsids. Phage-infected reticu- 
late bodies appear as aberrantly enlarged cells similar to ¿n vitro 
persistent forms of chlamydiae. Infectious phage progeny are 
released by phage-specified lysis of the inclusion membrane 
approximately 24 h post phage infection. 


Antigenic structure. All chlamydiae share a similar anti- 
genic framework consisting of common and specific antigenic 
determinants (Table 164). Monoclonal antibodies to the most 
important chlamydial antigens are commercially available. The 
Chlamydiaceae are characterized by a common lipopolysaccha- 
ride (LPS) antigen. This antigen is heat-stable and is the antigen 
for complement fixation tests. The common antigenic deter- 
minant is a LPS core terminating in a 2-keto-3-deoxyoctanoic 
acid (Brade et al., 1986). Antibodies to LPS react strongly to 
antigen present within inclusions and in the reticulate body 
membranes, however, reactivity to elementary bodies by immu- 
nofluorescence is weak. All chlamydiae encode a major 60,000 
molecular weight heat-shock protein (HSP-60) family member 
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TABLE 164. Structure and function of the major immunoreactive 
antigens identified in Chlamydia? 


Molecular weight Name Function 

> 98,000 Pmp Unknown. Six Pmp subtypes: A, B, 
C/D, E/F, G/L and H 

75,000 HSP Chaperone HSP-70 family 

60,000 OmcB Structural, cysteine-rich OMP 

60,000 HSP Chaperone HSP-60 family 

40,000 OmpA Outer-membrane porin. Contains 

(MOMP) serological determinants of 

species-, subspecies-, and serovar- 
specificity 

40,000 PorB Outer-membrane porin 

12,500 OmcA Structural lipoprotein, cysteine-rich 
OMP 

~12,000 LPS Endotoxin, genus antigen 


"Abbreviations: Pmp, polymorphic membrane protein; HSP, heat shock protein; 
Crp, cysteine-rich protein (cross linking of disulfide bonding of cysteine-rich pro- 
teins give rigidity to the outer membrane of the EB); Omc, outer membrane com- 
plex protein; MOMP, major outer membrane protein; LPS, lipopolysaccharide. 


(Bavoil et al, 1990) that is associated with seroreactivity in 
individuals at risk for pathogenic sequelae of infection (Wagar 
et al., 1990). This should not be confused with another 60,000 
molecular weight protein (OmcB) that is cysteine-rich and 
present in elementary-body outer membranes but not reticu- 
late-body outer membranes (Batteiger et al., 1985; Hatch et al., 
1986). This protein is a potent immunogen and useful marker 
for serological studies of chlamydial infection. 

A major antigen is the major outer-membrane protein 
(OmpA or MOMP) that is the quantitatively predominant pro- 
tein in Chlamydia trachomatis (Caldwell et al., 1981) and other 
Chlamydia species (Campbell et al., 1990). This protein is an 
outer membrane porin (Bavoil et al., 1984) and is antigenically 
complex (Stephens et al., 1982). For Chlamydia trachomatis and 
Chlamydia suis, four variable sequence (VS) loops are exposed 
on the surface and accessible to binding by antibodies (Stephens 
et al., 1988). Chlamydia trachomatis serovar-specific antigens have 
been mapped and are associated with vs1 and vs2; more broadly 
reactive determinants, including a species-specific antigen, are 
localized with vs4. For Chlamydia trachomatis (Fan and Stephens, 
1997) and Chlamydia pneumoniae (Wolf et al., 2001), some of the 
OmpA antigenic determinants are conformation dependent. 
Sequence based antigenic variations of this protein singularly 
account for the antigenic specificities originally characterized 
by the micro-immunofluorescence test in which 15 prototype 
serovars were defined (Figure 159) (Wang and Grayston, 1970). 
Serovars A through K, including Ba, are associated with ocular 
and urogenital tract infection and serovars L,, L,, and L, are 
serovars of the LGV biovar. Antigenic variation is thought to 
derive from selection by the host immune response to infection 
(Stephens, 1989). While the other Chlamydia species genomes 
each have ompA, only Chlamydia trachomatis, Chlamydia pecorum, 
and Chlamydia suis have alleles of ompA that significantly differ 
among isolates. A new porin, PorB, was discovered following 
genome sequencing (Kubo and Stephens, 2000). Like OmpA, 
PorB is surface-exposed but, unlike OmpA, PorB is not quanti- 
tatively predominant and does not display significant sequence 
variation among isolates within a species. 

An entire multigene family of antigens [polymorphic mem- 
brane proteins (Pmps)] was also discovered from genome 
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FIGURE 159. Microimmunofluorescence pattern of Chlamydia tracho- 
matis antisera prepared in mice. A difference of one line expresses a 
twofold difference from the homologous titer which is shown with five 
lines. (Reproduced with permission from Wang et al., 1973. Infect. 
Immun. 7: 356-360; adapted from the 1984 edition of the Bergey's Man- 
ual of Systematic Bacteriology, vol. 1; Chapter Genus I Chlamydia, Figure 
9.14.) 


sequencing to include nine representatives in Chlamydia tracho- 
matis (Stephens et al., 1998) and 21 representatives in Chlamydia 
pneumoniae (Kalman et al., 1999) and intermediate numbers of 
paralogs for other species. The protein sequences are very dif- 
ferent, but they are unambiguously related (Grimwood et al., 
2001). The functions of these proteins are unknown, but some 
have been shown to be surface-exposed outer-membrane pro- 
teins, and their expression is dependent upon phase variation. 


Antibiotic sensitivity. The susceptibility of chlamydiae to 
antibiotics has been tested in yolk sac of chicken embryos (Gor- 
don et al., 1957; Molder et al., 1955) or cell culture (Kuo and 
Grayston, 1988; Kuo et al., 1977b). The growth of chlamydiae 
in culture is inhibited by the tetracyclines, macrolides, azalides, 
chloramphenicol, rifampin, and fluoroquinolones. Chlamydial 
multiplication is not blocked by aminoglycosides, bacitracin, or 
vancomycin. Chlamydia trachomatis, Chlamydia muridarum, and 
Chlamydia suis are sensitive to sulfonamides, whereas other spe- 
cies, except the 6BC strain of Chlamydia psittaci, are resistant. 
Beta-lactam antibiotics (penicillin), which inhibit the synthesis 
of peptidoglycan, interrupt the developmental cycle by prevent- 
ing the maturation of reticulate bodies into elementary bodies. 
However, if these antibiotics are removed, development pro- 
ceeds normally. The inhibitory effect of penicillin on chlamyd- 
iae which contain no or only trace amounts of muramic acid has 
been attributed to the presence of penicillin-binding proteins 
in their outer membrane (Barbour et al., 1982). D-Cycloserine 
acts similarly to penicillin, but Chlamydia trachomatis is much 
more susceptible to growth inhibition by this antimicrobial than 
is Chlamydia psittaci. Antagonism is not observed among sulfa 
drugs, tetracycline, erythromycin, chloramphenicol, penicillin, 
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and ciprofloxacine. An additive inhibition is observed between 
tetracycline and penicillin, tetracycline and erythromycin, tet- 
racycline and chloramphenicol, erythromycin and penicillin, 
erythromycin and chloramphenicol (How et al., 1985) and 
azalides and rifampin derivatives (Kuo, C.C., unpublished 
data). Synergistic activity is observed between trimethoprim 
and sulfamethoxazole (How et al., 1985). The drugs of choice 
for treatment of chlamydial infections are tetracyclines, mac- 
rolide, and azalides. Long-acting antibiotics (doxycycline) and 
those antibiotics that achieve high intracellular concentrations 
(azithromycin) are preferred. 

Chlamydial strains resistant to sulfonamides, penicillin, chlo- 
rotetracycline, and rifampin have been produced by in vitro 
passage in the presence of these drugs. However, stable drug- 
resistant mutants of Chlamydia trachomatis or Chlamydia pneu- 
moniae have not been isolated. Chlamydia suis in American 
pigs is resistant to tetracycline by virtue of the integration in 
its genome of a Tet(R) transposon-like genetic element from 
another bacterium (Dugan et al., 2004). 


Pathogenesis. Chlamydiae are among the most widely dis- 
tributed pathogens of humans and animals and they produce 
variable clinical syndromes. Humans are the natural hosts of 
Chlamydia trachomatis (Grayston and Wang, 1975) and the 
human biovar of Chlamydia pneumoniae (Kuo et al., 1986). 
Chlamydia trachomatis causes ocular infection, which may lead 
to blindness (trachoma), a disease still found in tropical and 
subtropical endemic areas (Grayston et al., 1985), and it causes 
genitourinary tract infections, which may cause tubal factor 
infertility (fallopian tube obstruction), which is a serious com- 
plication of chronic salpingitis (Grayston and Wang, 1975) 
(Table 165). The human biovar of Chlamydia pneumoniae is a 
common respiratory pathogen with manifestations of pharyn- 
gitis, bronchitis, and pneumonia (Grayston et al., 1989) and is 
associated with atherosclerosis and coronary heart disease (Kuo 
etal., 1993) (Table 165). The organism has been isolated from 
the atherosclerotic lesions of the artery. A unique characteristic 
of human infection with these chlamydial agents is their ability 
to establish persistent or chronic infection, as exemplified by 
the difficulty in reisolating the organism from lesion sites, such 
as from the occluded fallopian tube in Chlamydia trachomatis 


TABLE 165. Diseases caused by human chlamydial agents 


Species Biovar Disease or syndrome 


Chlamydia Ocular* 


trachomatis 


Inclusion conjunctivitis of newborns, 
children, and adults; trachoma and 
blindness 

Infantile pneumonia; urethritis in men; 
epididymitis; urethral syndrome 
in women; cervicitis; endometritis; 
salpingitis, tubal factor infertility; 
proctitis; perihepatitis and peritonitis 
(Fitz-Hugh-Curtis syndrome) ?; 
bartholinitis?; endocarditis? 

Lymphogranuloma venereum 

Pharyngitis; bronchitis; pneumonia; 
sinusitis?; otitis media?; 
atherosclerosis (a co-risk factor with 
hyperlipidemia for atherosclerosis) ? 


Genital 


LGV 
Chlamydia Human 


pneumoniae 


Trachoma biovar in old nomenclature 
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salpingitis (Campbell et al., 1993) and from the lungs and ath- 
erosclerotic arteries in Chlamydia pneumoniae infections (Kuo 
et al., 1993). However, the presence of organisms (chlamydial 
DNA, RNA, and antigens) can still be detected by PCR, RT-PCR, 
or immunohistochemistry. This observation has been attrib- 
uted to the arrest of the developmental cycle at the reticulate 
body stage by depletion of intracellular tryptophan or other 
required amino acids (Allan and Pearce, 1983b, a). Tryptophan 
may become limiting as a result of gamma-interferon produced 
in the context of the host’s innate immune response (Beatty 
etal., 1994). Gamma-interferon induces indoleamine 2,3 dioxy- 
genase (IDO) that catabolizes oxidative decyclization of trypto- 
phan (Kane et al., 1999). 

Chlamydia psittaci causes systemic infection in birds and the 
infection is often asymptomatic (Table 166). Chlamydia psittaci 
is highly infectious to humans. Humans may contract Chlamydia 
psittaci infection by the airborne route, either by direct contact 
with infected birds or indirectly by inhalation of dust contami- 
nated with excreta of infected birds. The major manifestation 
of Chlamydia psittaci infection in humans is atypical pneumo- 
nia, and the infection in humans is often systemic. Psittacosis 
is a term used to describe the infections acquired from a psit- 
tacine bird, and ornithosis is the infection contracted from 
birds other than psittacine. Chlamydia psittaci is widespread in 
wild and domestic birds including parrots, parakeets, pigeons, 
ducks, and turkeys. Outbreaks of Chlamydia psittaci infection 
may occur in poultry, and transmissions of infection to poultry 
farmers occur sporadically. Quarantine of trapped wild birds in 
combination with preventive antibiotic (tetracycline) treatment 


TABLE 166. Disease caused by avian and mammalian chlamydial agents 


has been effective in controlling spread of infection from wild 
to domesticated birds. 

Mammalian chlamydial species cause various diseases unique 
to their hosts (Table 166). The major syndromes caused by 
mammalian chlamydial agents are: pneumonitis in mice caused 
by Chlamydia muridarum; conjunctivitis and respiratory infec- 
tion in koalas caused by the biovar koala of Chlamydia pneu- 
moniae, encephalitis, polyarthritis, pneumonia, enteritis, and 
genital infection caused by Chlamydia pecorum in ruminants, 
and urogenital infection and infertility in koala; conjunctivitis, 
pneumonia, and enteritis in swine caused by Chlamydia suis; 
abortion in sheep, goats, and cattle caused by Chlamydia abortus, 
follicular conjunctivitis and interstitial keratitis in guinea pigs 
caused by Chlamydia caviae, and conjunctivitis in cats caused 
by Chlamydia felis. Human infection due to other mammalian 
chlamydial infections is rare, because mammalian chlamydial 
agents are much less virulent to humans. Sporadic cases of 
severe flu-like infection and abortion occur after exposure of 
farmers in the third trimester of pregnancy to Chlamydia abortus 
by contact with aborting sheep or goats (Herring et al., 1987; 
Johnson et al., 1985). Pet owners or laboratory personnel may 
develop conjunctivitis acquired from cats with conjunctivitis 
due to Chlamydia felis (Schachter et al., 1969). 


Phylogenetic relationships based on 16S rRNA. Several 
investigators have evaluated the relationships among many of 
the Chlamydia and Chlamydia-related organisms by tree-meth- 
odologies using 16S rRNA (Corsaro et al., 2002; Everett et al., 
1999; Petersson et al, 1997; Pudjiatmoko et al., 1997; Weis- 
burg et al., 1986). Complete 16S rRNA sequences of most of 


Species Host 


Disease 


Chlamydia abortus Sheep, goats, cattle, swine 


Abortion, vaginitis, endometritis, seminal vesiculitis, mastitis; often latent 


infection 


Chlamydia caviae Guinea pigs 
Chlamydia felis Cats 


Chlamydia muridarum Mice, hamsters 


Follicular conjunctivitis, interstitial keratitis 
Conjunctivitis with or without rhinitis 
Pneumonitis; often latent ileitis 


Chlamydia pecorum 


Chlamydia pneumoniae: 


Biovar koala 

Biovar equine 
Chlamydia psittaci 
Chlamydia suis 
Chlamydia abortus 


Chlamydia caviae 
Chlamydia felis 
Chlamydia muridarum 
Chlamydia pecorum 


Chlamydia pneumoniae: 


Biovar koala 

Biovar equine 
Chlamydia psittaci 
Chlamydia suis 


Sheep, cattle, swine, koala 


Koala 
Horse 
Birds 
Swine 
Sheep, goats, cattle, swine 


Guinea pigs 

Cats 

Mice, hamsters 

Sheep, cattle, swine, koala 


Koala 
Horse 
Birds 

Swine 


Encephalomyelitis, polyarthritis, pneumonia, enteritis, vaginitis, endometritis 
in sheep and cattle; polyarthritis, serocitis, enteritis, pneumonia in swine; 
keratoconjunctitis, vaginitis, ovarian cyst, infertility in koala; often latent 
infection 


Rhinitis, pneumonia 

Rhinitis* 

Systemic, often latent respiratory and enteric infection 

Conjunctivitis, pneumonia, enteritis, polyarthritis 

Abortion, vaginitis, endometritis, seminal vesiculitis, mastitis; often latent 
infection 

Follicular conjunctivitis, interstitial keratitis 

Conjunctivitis with or without rhinitis 

Pneumonitis; often latent ileitis 

Encephalomyelitis, polyarthritis, pneumonia, enteritis, vaginitis, endometritis 
in sheep and cattle; polyarthritis, serocitis, enteritis, pneumonia in swine; 
keratoconjunctitis, vaginitis, ovarian cyst, infertility in koala; often latent 
infection 


Rhinitis, pneumonia 

Rhinitis* 

Systemic, often latent respiratory and enteric infection 
Conjunctivitis, pneumonia, enteritis, polyarthritis 


*Only one isolate from a horse with serous nasal discharge has been reported. 
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the prototypical strains are available, and the resulting trees 
from different reports using the same or different methods are 
markedly similar. All Chlamydiarelated organisms are deeply 
separated from other bacteria and form their own bacterial 
division as they lack a significant relationship to other bacterial 
divisions (Pace, 1997). Distantly related organisms such as the 
Piscichlamydia (Draghi et al., 2004), Protochlamydia (Collingro 
et al., 2005a, b), and Parachlamydia (Amann et al., 1997) are 
distinct from chlamydial organisms that establish the strongly 
monophyletic Chlamydiaceae family (Figure 160). Three groups 
diverged from a common ancestor that contain species related 
to the Chlamydia trachomatis, Chlamydia psittaci, and Chlamydia 
pneumoniae groups. New species names have also been pro- 
posed (Everett et al., 1999), which are often representative of 
the relationship with the natural host and are adopted herein. 
The Chlamydia trachomatis grouping contains the murine 
biovar mouse pneumonitis (MoPn) (Nigg and Eaton, 1944) 
Chlamydia muridarum and related organisms isolated from pigs 
named Chlamydia suis (Hoelzle et al., 2000). The Chlamydia psit- 
taci grouping contains strains from birds (Chlamydia psittaci), 
cats (Chlamydia felis), guinea pigs (Chlamydia caviae) , and rumi- 
nants and pigs (Chlamydia abortus). The third group contains 
Chlamydia pneumoniae (Grayston et al., 1989), originally iso- 
lated from humans, and Chlamydia pecorum isolated from cattle 
(Fukushi and Hirai, 1992). 

Analyzes of a variety of other single components such as 
protein and 23S rRNA sequences support these relationships. 
The application of simple DNA amplification procedures for 
the detection of novel 16S or 23S sequences related to Chla- 
mydia has resulted in the detection of Chlamydialike organisms 


C. trachomatis 


C. suis 
C. muridarum 
Chlamydiaceae 
C. pneumoniae 

C. pecorum 
C. psittaci 
C. abortus 

C. caviae 

C felis 
Waddliaceae 
Simkaniaceae 
Parachlamydiaceae 
Protochlamydia 


Piscichlamydiaceae 


0.05 
e 


FIGURE 160. 16S rRNA gene phylogeny of Chlamydiaceae and Chlamy- 
diaceaerelated organisms using neighbor joining with Jukes-Cantor dis- 
tance corrections. Bar = 0.05 substitutions/site. 
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from many animals, fish, reptiles, and environmental samples. 
These activities will likely continue, but many do not result in 
full-length gene sequences and are not supported by microbio- 
logical isolation. 


Enrichment and isolation procedures 


Laboratory handling of Chlamydia-containing specimens and 
growth of chlamydiae should be conducted by employing bio- 
safety level 2 (BSL-2) or higher containment facilities and prac- 
tice (Chosewood and Wilson 2007). Strains from all chlamydial 
species grow in the yolk sacs of chicken embryos. All chlamyd- 
ial strains multiply in a variety of cell cultures with the assis- 
tance of infection-promoting procedures such as pretreatment 
of host cells with polycations (Kuo et al., 1972b), centrifuga- 
tion of the inoculum onto host cell monolayers (Gordon et al., 
1969), and inhibition of the synthesis of host macromolecules 
with cycloheximide (Ripa and Mardh, 1977). The efficiency of 
growth in cell culture varies among the species and the biovars 
within the species. For example, Chlamydia psittaci grows more 
efficiently than other mammalian chlamydial species in both 
chicken embryos and cell cultures, while the LGV biovar mul- 
tiplies more readily than the trachoma and genital biovars of 
Chlamydia trachomatis in both systems. Chlamydiae also infect 
and are lethal to mice following intracerebral inoculation. This 
test of virulence varies among chlamydial strains and is similar 
to their behavior in chicken embryos and cell cultures. Chla- 
mydia psittaci strains are particularly virulent to humans. The 
risk is so great that attempts to isolate Chlamydia psittaci from 
birds should be made only by experienced workers in specially 
equipped laboratories. 


Collection and processing of specimens. Collection of an 
appropriate specimen for isolation of chlamydiae depends on 
the disease, the host, and the chlamydial agent. Clinical samples, 
especially swab samples from the bodily openings and intestinal 
tissues, are contaminated with other bacteria and yeasts, there- 
fore antibacterial and antifungal agents that are not inhibitory 
to chlamydiae are added to the transport medium. Frequently 
used isolation mixtures contain gentamicin, or streptomycin 
and vancomycin, and amphotericin B. Clinical samples are 
usually suspended in phosphate buffer containing sucrose and 
glutamate or cell culture medium, supplemented with suitable 
antimicrobial agents. A suitable medium contains 0.2 M sucrose 
in phosphate buffer and 10 ug/ml gentamicin and 3.75 ug/ml 
amphotericin B. Intracellular chlamydiae are released by shak- 
ing with glass beads or by sonication. Specimens may be kept at 
4°C if inoculated within 24 h. If they must be held for longer 
times, they should be frozen at -75°C or lower. 


Isolation in cell culture. The celllines most commonly used 
for isolation of chlamydiae are McCoy cells (a heterodiploid 
mouse line) (Gordon et al., 1969) and HeLa 229 cells (derived 
from a human cervical carcinoma) (Kuo et al., 1977a; Kuo 
et al., 1972b). Other cell lines are used for certain species. 
For example, HL (human line) (Kuo and Grayston, 1990b) 
and Hep-2 (human nasopharyngeal carcinoma) (Roblin et al., 
1992) cells for Chlamydia pneumoniae and L-929 (mouse fibro- 
blast) or BGMK (buffalo green monkey kidney) cells for Chla- 
mydia psittaci, Chlamydia pecorum, Chlamydia felis, and Chlamydia 
suis. Enhancement of infection is achieved by pretreating cell 
monolayers with 20 ug/ml di-ethyl-amino-ethyl (DEAE)-dextran, 
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centrifuging the inoculum onto the monolayer at 1000-3000x 
g for 1 h at 20-35°C, and incubating the inoculated cells with 
medium containing 0.5-1.0 ug/ml cycloheximide. After 2 or 
3 d of incubation at 35 or 37°C, the presence of chlamydial 
inclusions is determined by fluorescent antibody stain of the 
cell monolayer. 


Isolation in chicken embryos. Six-to-seven-day-old fer- 
tile hen eggs from a flock maintained on antibiotic-free feed 
are candled for viability, inoculated into their yolk sacs and 
incubated at 35-37°C for 14 d (T'ang et al., 1957). On the 
third day of incubation, eggs containing dead embryos are 
discarded. The eggs are candled every day thereafter. All dead 
embryos are examined for the presence of chlamydiae by 
staining impress smears of the yolk sac with Gimenez or modi- 
fied Macchiavello. Negative primary passage may be passed 
again blind. Criteria for positive isolation are the presence of 
elementary bodies and serially transmissible embryo mortality 
in the absence of contaminating bacteria or viruses. For isola- 
tion of human strains of chlamydiae, the yolk sac is less sensi- 
tive than cell culture. 


Isolation in mice. Most chlamydial strains tested were 
found to infect mice after intranasal instillation. BALB/c or A/J 
inbred mice are preferred for isolation. Under light metofane 
or isoflurane anesthesia, 20—40 ul of the inoculum is deposited 
on the nostrils of 3 week-old mice that readily inhale the inocu- 
Ium due to anesthesia-induced hyperventilation. This method 
has been used for isolation of chlamydiae from avian hosts and 
of virulent strains from other hosts, but is less sensitive than cell 
culture for isolation of low-virulence strains. Within one week 
after inoculation, mice develop typical lung lesions consisting 
of grayish foci of consolidation, sometimes involving a major 
portion of the lung. For verification of the infection, mice are 
sacrificed after 1 week, and impression smears from lesions are 
stained with Gimenez or FITC-labeled monoclonal antibody 
against chlamydial LPS, or lung tissue is examined by PCR. 
Standard bacteriological culture is used to confirm the absence 
of contaminating bacteria, and cell culture is used for exclusion 
of viral infections. In negative isolation attempts, subculture in 
BGMkK cells is preferred over blind passages. 


Maintenance procedures 


Chlamydiae are maintained and propagated in chicken embryos 
and cell cultures by the procedure just described. Chlamydiae 
are best preserved by freezing at -75°C or lower in buffers con- 
taining sucrose and glutamic acid, such as SPG (sucrose, 75 g; 
KH,PO,, 0.52 g; Na,HPO,, 1.22 g; glutamic acid, 0.72 g; H,O to 
11; pH 7.4-7.6). 

Chlamydiae can be propagated to a high titer by serial pas- 
sages in chicken embryo yolk sac cultures or cell monolayer cul- 
tures in a large flask. For example, it is possible to achieve 100% 
infection of HeLa 229 cells by serial passage without the assis- 
tance of centrifugation or inhibitors of host-cell macromolecular 
synthesis with Chlamydia trachomatis, Chlamydia psittaci, and 
Chlamydia muridarum (Kuo et al., 1977a) and of HL (human 
line) (Kuo and Grayston, 1990b) and Hep-2 (Roblin et al., 
1992) cells with Chlamydia pneumoniae. After amplification of 
chlamydial titer to grow to 100% infectivity in stationary cell 
cultures, the LGV biovar of Chlamydia trachomatis and Chlamydia 
psittaci can be propagated in a suspension culture of L-cells. 
Alternatively, BGMK monolayer cells can be used for effective 
propagation of chlamydiae, and elementary bodies released 
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into the culture medium can be concentrated into stocks of 
high purity and infectivity (Li et al., 2005). 


Procedures for testing special characters 


Several methods are used for quantification of infectivity titer 
and enumeration of bacterial particles. For example, Chlamydia 
psittaci, the LGV biovar Chlamydia trachomatis, and Chlamydia 
muridarum readily form plaques on monolayers of L-cells (a het- 
erodiploid mouse line) after extended incubation. Ocular and 
genital biovar strains of Chlamydia trachomatis can also be coaxed 
to form plaques (Matsumoto et al., 1998). The infectivity titer is 
expressed as plaque forming units. A simple method is to deter- 
mine the inclusion-forming units by infecting a monolayer by 
centrifugation and culturing infected cells with medium contain- 
ing inhibitors of host macromolecular synthesis, incubating for 
48-72 h, and staining with Giemsa, iodine, or fluorescent anti- 
bodies and counting the inclusions. The number of chlamydial 
inclusions in each of a number of microscopic fields is counted. 
The inclusion counts are standardized, and the titer is expressed 
in term of inclusion forming units per milliliter (Furness et al., 
1960). The burst size is defined in term of the number of infec- 
tious elementary bodies produced from a single inclusion. for 
example, the burst size of Chlamydia pneumoniae in HL cells is 
73 with the assistance of centrifugation and inhibition of host 
cell macromolecular synthesis by cycloheximide. The m.0o.i. 
is the number of infectious organisms inoculated per cell in a 
monolayer culture. Chlamydial infectivity in cell culture, chicken 
embryos, and mice may be expressed in term of the 50% infec- 
tious dose or the 50% lethal dose. Infectivity for chicken embryos 
inoculated via the yolk sac may also be estimated from the nearly 
linear relation between the logarithm of the inoculum dilution 
and the survival time of the inoculated embryos. 

Total bacterial counts may be obtained by electron micro- 
scopic examination of grids of known geometry onto which 
purified chlamydial particles have been deposited. The particle 
counts are greater than inclusion forming units. This may be 
as much as a factor of 30 with Chlamydia trachomatis cultured 
in HeLa cells and purified by sucrose gradient centrifugation 
(C.- C. Kuo, unpublished data). 

The ocular and genital biovars of Chlamydia trachomatis may 
be differentiated by testing their ability to grow in tryptophan- 
free medium supplemented with indole. Because the genital 
biovar is able to utilize exogenous indole for the synthesis of 
tryptophan while the ocular biovar is not, growth is observed 
with the genital but not with the ocular biovar (Fehlner- 
Gardiner et al., 2002). 

Applications of real-time quantitative amplification of chla- 
mydial and host DNA and gene sequence techniques provide 
robust methods for the quantification of chlamydiae and deter- 
mination of growth rates in vitro, and for measuring chlamydial 
infectious burdens in vivo. 


Differentiation of the family Chlamydiaceae 
from closely related families 


The common properties and 16S rRNA relatedness of five fami- 
lies of the order Chlamydiales have been described in the pre- 
ceding section under the Order Chlamydiales. Therefore, only 
some other biological and pathogenic characteristics useful for 
differentiation of the family Chlamydiaceae from the families 
Parachlamydiaceae, Piscichlamydiaceae, Waddliaceae, and Simkani- 
aceae are presented below. 
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The natural hosts for Parachlamydiae are free-living amoebae, 
although they have been recovered from soil (Collingro et al., 
2005a, b); for Piscichlamydia, Atlantic salmon (Draghi et al., 
2004); for Waddlia, bovines (Dilbeck et al., 1990); and for Sim- 
kania, soil (Kahane et al., 1995). Isolations of Simkaniaceae from 
humans with respiratory infection have been reported. How- 
ever, the pathogenesis of Parachlamydiain humans has not been 
described. These intracellular microorganisms form inclusions 
and exhibit similar developmental cycles. However, the devel- 
opmental forms vary in morphology. Specifically, Piscichlamydia 
forms variable elongated reticulate bodies with distinctive head 
and tail cells and the intermediate form which does not evolve 
to the elementary form (Draghi et al., 2004). Antigenically, 
cross-reactivity to chlamydial LPS has been demonstrated with 
Piscichlamydia, but not with Parachlamydia. 


Differentiation of species, biovars, and serovars 
of the genus Chlamydia 


Nine species of Chlamydia are currently recognized including 
Chlamydia trachomatis, Chlamydia muridarum, Chlamydia pecorum, 
Chlamydia pneumoniae, Chlamydia psittaci, Chlamydia suis, Chla- 
mydia abortus, Chlamydia caviae, and Chlamydia felis. Chlamydia 
trachomatis is further subdivided into three biovars (Table 167) 
and Chlamydia pneumoniaeinto three biovars (Table 168). In the 
following sections, if the chlamydial property being described is 
not common to all members of the genus, the species or biovars 
to which the description applies will be stated. 

Characteristics useful for differentiation of the species of 
Chlamydia are listed in Tables 161, 162, and 163. Nucleic acid- 
based techniques have emerged as technically easier for use in 
species differentiation than direct determination of biological 
differences. Initially, whole-genome hybridization and restric- 
tion fragment length polymorphism (RFLP) methods required 
large quantities of pure DNA of all chlamydial species to be dif- 
ferentiated. These methods have been largely replaced by PCR 
amplification of genes containing species-specific nucleotide sig- 
nature sequences. These species signatures are then determined 
by RFLP, oligonucleotide probing, or, increasingly, by DNA 
sequencing of the amplification product. Direct sequencing has 
the advantage that the nucleotide sequences can be immediately 
aligned to sequences deposited in GenBank, and comparison 


TABLE 167. Differentiation of Chlamydia trachomatis biovars* 


Characteristic Ocular Genital LGV 


Tryptophan synthase: 
Functional - + + 
Utilization of indole - + + 
Preferred site of infection: 
Squamocolumnar epithelial cells + + = 
Lymph nodes z == + 
Behavior in laboratory animals: 
Intracerebral lethality in mice = = + 
Follicular conjunctivitis in + + = 
primates 
Behavior in cell culture: 
Plaque in L cells = = + 
Infection markedly enhanced by: 
Centrifugation onto cell + 
monolayer 
Treatment of host cells with + 
diethyl- aminoethyl-dextran 


“Symbols: +, >85% positive; —, 0-15% positive. 
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TABLE 168. Differentiation of Chlamydia pneumoniae biovars 


Human Koala Equine 
Pharyngitis Rhinitis Serous nasal discharge 
Bronchitis Pneumonia 

Pneumonia 

One strain na* Only one isolate? 
No plasmid in EB na Plasmid in EB 

EB pearshape* na EB oval 

Large periplasmic space na Tight periplasmic space 


‘na, No information is available. 
^No second isolate to confirm. 


“Isolates with oval elementary bodies have been reported for the human biovar. 
However, unlike the elementary body of other chlamydial species which demon- 
strates a tight periplasmic space, these isolates still manifest a discernible periplas- 
mic space, although less wide than that described originally for pear-shaped 
elementary bodies of Chlamydia pneumoniae. 


with amplification products from standards of the chlamyd- 
ial species is unnecessary. The availability in the near future of 
genome sequences of all chlamydial species, even for multiple 
strains of Chlamydia trachomatis and Chlamydia pneumoniae, allows 
the use of any gene with species signatures. Nevertheless, it will 
be preferable to rely for routine differentiation on the ompA and 
rRNA genes. The ompA gene contains highly polymorphic sero- 
var determinants interspersed among conserved domains that 
allow genus-specific priming and species as well as serovar dif- 
ferentiation (Kaltenboeck et al., 1993, 1997). The 16S and 23S 
rRNA genes (but not the intergenic rRNA gene spacer sequence) 
are less polymorphic but allow design of primers with higher GC 
content than ompA primers, and thus more robust and sensitive 
PCR methods for direct amplification and species differentiation 
in disease specimens (DeGraves et al., 2003). 

Differentiation of the three biovars of Chlamydia trachomatis is 
listed in Table 167. Differentiation of the three biovars of Chla- 
mydia pneumoniae is provided in Table 168. 

Only a single serovar or serotype has been identified by 
the micro-immunofluorescence test in all chlamydial species, 
except for Chlamydia trachomatis which has 15 serovars, and 
for Chlamydia psittaci which has 6 serovars. Cross-reaction pat- 
terns of the micro-immunofluorescence antibody reaction in 
Chlamydia trachomatis are depicted in Figure 159 (Wang et al., 
1973). No cross-reactivities are observed when Chlamydia psittaci 
serovar-specific monoclonal antibodies are used in the micro- 
immunofluorescence test for differentiation of Chlamydia psit- 
taci serovars (Andersen, 1991). 


Taxonomic considerations 


The Chlamydiales represent a large clade of the bacteria that 
were pathogens of single eukaryotic cells nearly one billion 
years ago (Greub and Raoult, 2003; Stephens, 2002). Since 
that time, they have become obligate intracellular pathogens 
that have had very limited opportunity to acquire genes from 
other organisms. The ability to sample the microbial gene 
pool has played a decisive role in the adaptation to changing 
environments, evolution, and speciation of bacteria. From the 
perspective of chlamydiae, the intracellular vacuole is a largely 
invariant environment whether it is within a single-celled 
organism, or within a cell of a bird, koala, or human. During 
this billion years of history, all bacteria acquired and collected 
mutations in their 16S rRNA genes while rapidly evolving and 
adapting to novel environmental niches (i.e., speciation). The 
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chlamydiae, too, collected 16S rRNA mutations, however, chla- 
mydiae lacked the opportunity or the necessity to evolve in sig- 
nificantly new directions. While there has been considerable 
gene loss, even the amount of intragenomic recombination has 
been limited as evidenced by the high level of genome synteny 
among Chlamydia species. 

From 1971, chlamydiae have been classified within one 
order (Chlamydiales) and one family (Chlamydiaceae) and with 
one genus (Chlamydia) (Molder et al., 1984). With the advent 
of PCR, Chlamydia-like DNA has been found in many types of 
animals and environmental samples; the extent of diversity of 
Chlamydia began to emerge, and this continues today, unfor- 
tunately without microbiological isolation. During this period, 
there was a growing need for more accommodating and accu- 
rate polyphasic taxonomic characterization, and this proceeded 
through a deliberate process highlighted by the detailed and 
comprehensive characterization of Chlamydia pneumoniae (Gray- 
ston et al., 1989) and Chlamydia pecorum (Fukushi and Hirai, 
1992). In 1999, the taxonomy of Chlamydia was thrown in disar- 
ray and created confusion in the field (Schachter et al., 2001) 
when Everett et al. (1999) proposed a new second genus for the 
order Chlamydiales and family Chlamydiaceae in 1999. The genus 
proposal was based upon an arbitrary difference of greater than 
4% in 16S rRNA gene sequences. This resulted in the separa- 
tion of Chlamydia pneumoniae, Chlamydia pecorum, and Chlamydia 
psittaci into a new genus Chlamydophila leaving the Chlamydia 
trachomatis biovars in the original Chlamydia genus. This separa- 
tion was inconsistent with the 4% genus threshold, since the 
16S rRNA genes of several species within the proposed Chlamy- 
dophila genus differ by 4% or more. 

One of the goals of taxonomy is to maintain stability in the 
nomenclature and to avoid unnecessary confusion according 
to Principle 1, Subprinciples 1 and 2 of the International Code 
of Nomenclature of Bacteria (Sneath, 1992). Indeed, for bacte- 
rial pathogens, renaming them even though it may be justified 
scientifically, may not be advisable. For example, the Judicial 
Commission of the International Committee on Nomenclature 
of Bacteria rejected the proposal for renaming the pathogen, 
Yersinia pestis, as a subspecies Yersinia pseudotuberculosis thereby 
giving rise to the name Yersinia pseudotuberculosis subspecies pestis 
even though this was justified based on DNA-DNA hybridization 
(Becovier et al., 1980; Judicial Commission, 1985). Because of 
the ruling of the Judicial Commission, the validated name Yers- 
inia pseudotuberculosis subsp. pestis was rejected and the name Yers- 
inia pestis was conserved on the approved list, due to the inherent 
confusion its renaming would cause to the field as well as the 
potential hazard it posed as a nomen periculosum for the general 
public welfare (Judicial Commission, 1985; Williams, 1984). 

These principles can be applied to the pathogens of the fam- 
ily Chlamydiaceae. Therefore, for this edition of Bergey’s Manual 
of Systematic Bacteriology, the sole genus name Chlamydia is being 
retained for all of the species of the family Chlamydiaceae, all of 
which are human or animal pathogens. 

Until now there has been a single Chlamydia trachomatis 
biovar designation called the trachoma biovar that included 
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strains responsible for natural ocular infection and trachoma 
and strains that naturally caused urogenital infection and dis- 
ease. Although the trachoma-causing strains were typically 
represented by serovars A-C and the urogenital strains by sero- 
vars D-K, no biological markers were available to differentiate 
strains that caused these different diseases. It now appears that 
trachoma-causing strains lack a functional tryptophan synthase, 
whereas urogenital strains contain a functional enzyme (Fehl- 
ner-Gardiner et al., 2002). The enzymic function can easily be 
tested in vitro or by gene sequence techniques for non-isolated 
samples. It is proposed that trachoma strains lacking trypto- 
phan synthase function compose the “trachoma” biovar and 
those from the urogenital tract that have a functional enzyme 
compose a new “genital” biovar. Thus, Chlamydia trachomatis 
consists of three biovars including ocular, genital, and LGV. 
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List of species of the genus Chlamydia 


1. Chlamydia trachomatis (Busacca 1935) Rake 1957, 958^. 
[ Rickettsia trachomae (sic) Busacca 1935, 567] 


tra.cho'ma.tis. Gr. n. trachusma-atos roughness; N.L. n. trachoma, 
-alis the disease trachoma; N.L. gen. n. trachomatis of trachoma. 
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The characteristics are as described for the genus and as 
listed in Tables 161, 162, 163, and 167. The inclusion mor- 
phology is depicted in Figure 161. 

All Chlamydia trachomatis isolates have come from humans. 
Chlamydia trachomatis isolates are classified into three biovars, 
ocular, genital, and lymphogranuloma venereum (LGV) on 
the basis of tissue tropism, pathogenesis in humans and lab- 
oratory animals, and their biological characteristics in cell 
cultures (Kuo et al., 1972a). The molecular basis of the sepa- 
ration of ocular from genital biovar is the ability to utilize 
exogenous indole for tryptophan biosynthesis by the geni- 
tal, but not by the ocular biovar. The LGV biovar also uti- 
lizes indole for tryptophan biosynthesis. Three biovars are 
genetically (Table 162) and serologically (Figure 159) closely 
related. Serologically distinguishable from other chlamydial 
species by the species-specific monoclonal antibody in the 
micro-immunofluorescence test. Isolates are serotyped by 
the same test, however, a broad-reactivity among BED sero- 
vars and LGV are noted. Strains of ocular biovars parasitize 
mucous membranes of the conjunctiva, while strains of the 
genital biovar parasitize the squamous and columnar epithe- 
lium of the urogenital mucosa. The LGV biovar has tropism 
for lymphoid organs and is more invasive than the other two 
biovars. This behavior parallels its behavior in animals and 
cultured cells. 

DNA G+C content (mol% ): 43-44.2 (T). 

Type strain: A/Har-13 (Trachoma type A strain HAR-13), 
ATCC VR-571-B. 

Sequence accession no. (16S rRNA gene): D89067, E17344, NR 
025888. 


Further information concerning the three biovars of Chlamydia 
trachomatis is given below: 


(i) Biovar ocular. Chlamydiae of this biovar exclusively parasit- 
ize the conjunctival mucosal cells. Transmission is by discharge 
from the inflamed eyes commonly in family or school. The pri- 
mary infection is in the form of follicular conjunctivitis, which 
may heal spontaneously. However, in endemic areas, repeated 
infections sustain the chronicity of infection and cause scarring 
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of the conjunctiva and cornea. The end stage of the disease is 
blindness. Table 165 lists the diseases caused by the ocular bio- 
var of Chlamydia trachomatis. Serovars of the ocular biovar are A, 
B, Ba, and C. 

DNA G+C content (mol % ) of five strains: 44.0 (T). 

Type strain: PK-2, serovar C, ATCC VR-576. 

Sequence accession no. (16S rRNA gene) for strain C/ TW-3/ OT: 
D85720. 


(ii) Biovar genital. Strains of this biovar are sexually transmit- 
ted. The primary site of infection is the mucosal membranes of 
the urogenital tract. Diseases caused by the genital biovar are 
listed in Table 165. The infection may be auto-transferred to 
the conjunctiva or to contacts to cause acute follicular conjunc- 
tivitis. Chronic infection due to the genital biovar of Chlamydia 
trachomatis is a common cause of infertility in women. Serovars 
of genital isolates are D through K. No difference in the viru- 
lence among the serovars has been observed. 

DNA G+C content (mol%) of two strains is: 44.2 (T^). 

Type strain: UW-3/ Cx, serovar D, ATCC VR-885. 

Sequence accession no. (16S rRNA gene) for strain D/UW-3Cx: 
D85721. 


(iii) Biovar lymphogranuloma venereum (LGV). Strains of 
this biovar are sexually transmitted and cause systemic infection 
with the major manifestation of lymphadenopathy or swelling 
of lymph nodes draining the extragenitalia. Three serovars are 
recognized which are L,, L, and L.. 

DNA G+C content (mol % ): 43.0 (T). 

Type strain: 434, serovar L,, ATCC VR-902B. 

Sequence accession no. (16S and 23S rRNA genes): U68445. 


2. Chlamydia abortus comb. nov. Everett, Bush and Andersen 
1999 (Chlamydophila abortus Everett, Bush and Andersen 
1999, 434) 


a.bor'tus. L. n. abortus, -us an abortion, a miscarriage; L. gen. 
n. abortus of an abortion, a miscarriage. 


The characteristics are as described for the genus and as 
listed in Tables 162, 163, and 166. This species was separated 
from Chlamydia psittaci with the establishment of five new 
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FIGURE 161. Two different morphologies of chlamydial inclusions. Infected host cell monolayers were fixed with 
methanol and stained with May-Greenwald Giemsa. Bars = 20 um. Arrows point to a typical inclusion. (a) Vacuolar, 
glycogen-positive (Chlamydia trachomatis, Chlamydia muridarum and Chlamydia suis). (b) Solid, glycogen-negative 
(Chlamydia psittaci, Chlamydia pneumoniae, Chlamydia pecorum, Chlamydia abortus, Chlamydia caviae and Chlamydia 


felis). (Courtesy of author, C.-C. Kuo.) 
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species in addition to Chlamydia trachomatis, Chlamydia peco- 5. Chlamydia muridarum Everett, Bush and Andersen 1999, 


rum, Chlamydia pneumoniae, and Chlamydia psittaci. 

Chlamydia abortus is endemic in ruminants, and it is a 
frequent cause of late-term abortion in flocks of sheep or 
goats (enzootic abortion of ewes, EAE), but less frequently 
in cattle. It has also been associated with seminal vesiculi- 
tis in bulls and with bovine infertility. Chlamydia abortus has 
also infrequently been identified as the cause of abortion 
in other mammals such as horse and pig, and experimen- 
tally causes abortion in laboratory animals such as rabbits, 
guinea pigs, and mice. Infection of pregnant women with 
Chlamydia abortus is typically contracted during contact with 
small ruminants and can cause flu-like symptoms of systemic 
infection followed by abortion (Herring et al., 1987; Johnson 
et al., 1985). Chlamydia abortus isolates worldwide represent 
a single serovar and have virtually identical ompA and rRNA 
genes. 

DNA G+C content (mol% ): not determined. 

Type strain: B577, Ovine Chlamydial Abortion strain B-577, 
ATCC VR-656. 

Sequence accession no. (168 rRNA gene): AB001783, D85709. 


. Chlamydia caviae comb. nov. Everett, Bush and Andersen 
1999 (Chlamydophila caviae Everett, Bush and Andersen 1999, 
434.) 


ca.vi'ae. N.L. gen. n. caviae of Cavia, of the guinea pig (Cavia 
cobaya) because the type strain was isolated from Cavia cobaya. 


The characteristics are as described for the genus and as 
listed in Tables 162, 163, and 166. This species was separated 
from Chlamydia psittaci with the establishment of five new 
species in addition to Chlamydia trachomatis, Chlamydia peco- 
rum, Chlamydia pneumoniae, and Chlamydia psittaci. 

Chlamydia caviae is a chlamydial pathogen that has exclu- 
sively been isolated from guinea pigs. The ompA sequences of 
five Chlamydia caviae isolates are identical. The primary isola- 
tion site is the conjunctiva (guinea pig inclusion conjuncti- 
vitis, GPIC), but inoculation of the guinea pig genital tract 
results in disease and infertility that are remarkably similar 
to those caused by human genital infection with Chlamydia 
trachomatis. 

DNA G+C content (mol% ): not determined. 

Type strain: GPIC, ATCC VR 813. 

Sequence accession no. (16S rRNA gene): D85708. 


. Chlamydia felis comb. nov. Everett, Bush and Andersen 1999 
(Chlamydophila felis Everett, Bush and Andersen 1999, 434.) 
fe'lis. L. n. felis, -is a cat; L. gen. n. felis of a cat. 

The characteristics are as described for the genus and as 
listed in Table 162, 163, and 166. This species was separated 
from Chlamydia psittaci with the establishment of five new 
species in addition to Chlamydia trachomatis, Chlamydia peco- 
rum, Chlamydia pneumoniae, and. Chlamydia psittaci. 

Chlamydia felis is frequently isolated from conjunctivitis 
and rhinitis in cats. All strains represent a single serovar, have 
highly conserved ompA genes, and rRNA genes differ by less 
than 0.6%. Human conjunctivitis caused by infection with 
Chlamydia felis contracted from pet cats appears to be com- 
mon (Schachter et al., 1969). 

DNA G+C content (mol96): not determined. 

Type strain: FP Baker, ATCC VR-120. 

Sequence accession no. (16S rRNA gene): D85701. 


431°? 


mu.ri.da'rum. N.L. pl. gen. n. muridarum of the Muridae (i.e., 
the mouse/hamster family). 


The characteristics are as described for the genus and as 
listed in Tables 162, 163, and 166. This species was separated 
from Chlamydia trachomatis with the establishment of five new 
species in addition to Chlamydia trachomatis, Chlamydia peco- 
rum, Chlamydia pneumoniae, and Chlamydia psittaci. 

Two virtually identical Chlamydia muridarum strains are 
currently known, isolated from the lungs of clinically healthy 
mice (strain MoPn Nigg II) and from the intestinal tract 
of a hamster with proliferative ileitis (strain SFPD). Strain 
MoPn has been found to be highly virulent for mice and can 
cause severe interstitial pneumonia. It is also frequently used 
in mouse models of chlamydial genital tract infection and 
infertility. 

DNA G+C content (mol% ): 42-44 (T). 

Type strain: Nigg II, ATCC VR123. 

Sequence accession no. (16S rRNA gene): D85718. 


. Chlamydia pecorum Fukushi and Hirai 1992, 307" 


pe.co’rum. L. gen. pl. n. pecorum of flocks of sheep or herds 
of cattle. 


The characteristics are as described for the genus and as 
listed in Tables 162, 163, and 166. This was the fourth species 
established for the genus, after Chlamydia trachomatis, Chla- 
mydia psittaci, and Chlamydia pneumoniae. 

Chlamydia pecorum has been isolated from ruminants, 
swine, and koalas, and is frequently found in low numbers 
on the mucosal membranes of healthy host animals. Chla- 
mydia pecorum causes severe diseases in these animals such as 
sporadic bovine encephalomyelitis (SBE) in feedlot cattle, 
and enteritis, pneumonia, polyarthritis, and urogenital infec- 
tion in cattle and swine. In koalas, Chlamydia pecorum causes 
keratoconjunctivitis, vaginitis, cystitis, and infertility, and is 
strongly associated with the decline of the koala population 
in combination with stress resulting from destruction of the 
koala habitat. Chlamydia pecorum isolates show polymorphic 
ompA genes, suggesting the existence of numerous as yet 
uncharacterized serovars. Human infection with Chlamydia 
pecorum has not been observed. 

DNA G+C content (mol % ): 39.3 (T. ). 

Type strain: Bo/E58, ATCC VR-628. 

Sequence accession no. (16S rRNA gene): D88371. 


. Chlamydia pneumoniae Grayston, Kuo, Campbell and Wang 


1989, 88V" 


pneu.mofni.ae. Gr. n. pneumonia pneumonia, inflammation 
of the lungs; N.L. gen. n. pneumoniae of pneumonia. 


The characteristics are as described for the genus and as 
listed in Tables 162, 163, 165, 166, and 168. The inclusion 
morphology is depicted in Figure 155. 

The proposal for establishing this species, which was the 
third species in the genus, was based on the ultrastructural 
morphology of the elementary bodies that is typically pear- 
shaped (Figure 155), presence of a species-specific antigen 
identifiable with a species-specific monoclonal antibody, and 
its clear separation from the two other species by the DNA- 
DNA homology (Table 162). The species includes three 
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biovars: human, koala, and horse (Table 168). Since 1983, 
no other isolate has been obtained to confirm the original 
isolate from horse (Spencer and Johnson, 1983; Willis et al., 
1990). The inclusions contain no glycogen, hence stain neg- 
ative with iodine. Diseases caused by Chlamydia pneumoniae 
in humans are listed in Table 165 and diseases in animals in 
Table 166. 

DNA G+C content (mol % ): 40 (T). 

Type strain: TW-183, ATCC VR-2282. 

Sequence accession no. (16S rRNA gene): L06108, NR 026527, 
Z49873. 


8. Chlamydia psittaci (Lillie 1930) Page 1968, 60^ (Rickettsia 
psittaci Lillie 1930, 778) 
psit'ta.ci. L. n. psittacus a parrot; L. gen. n. psittaci of a par- 
rot. 

The characteristics are as described for the genus and as 
listed in Tables 162 and 163. This was the type species and 
strain of the first two species, Chlamydia trachomatis and Chla- 
mydia psittaci, established for the genus. 

Chlamydia psittaci is comprised of six serovars, A-F, of avian 
chlamydial isolates (Andersen, 1991, 1997) that cause latent 
and clinically overt infections of the intestinal and respira- 
tory tracts in many species of birds. Upon exposure of birds 
to crowding and stress, these infections often become severe, 
with diarrhea, air sacculitis, pneumonia, and fatal systemic 
spread with pericarditis and splenomegaly. Human Chla- 
mydia psittac-induced disease, typically contracted by inha- 
lation of dried bird feces, is called psittacosis or ornithosis 
if contracted from psittacine or from non-psittacine birds, 
respectively. Psittacosis is characterized by early flu-like symp- 
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toms followed by severe, sometimes fatal atypical interstitial 
pneumonia that requires intensive antibiotic and symptom- 
atic therapy and resolves only slowly after several weeks. Chla- 
mydia psittaci isolates should be handled only in a biosafety 
level 3 laboratory. 

DNA G+C content (mol P): 41.3 (T). 

Type strain: 6BC, Psittacosis strain 6 BC, ATCC VR-125. 

Sequence accession no. (16S rRNA gene): AB001778, U68447. 


9. Chlamydia suis Everett, Bush and Andersen 1999, 431" 
su'is. L. n. sus suis a swine; L. gen. n. suis of a swine. 


The characteristics are as described for the genus and as 
listed in Tables 163 and 166. This species was separated from 
Chlamydia trachomatis with the establishment of five new spe- 
cies in addition to Chlamydia trachomatis, Chlamydia pecorum, 
Chlamydia pneumoniae, and Chlamydia psittaci. 

The S45 type strain of Chlamydia suis was isolated by Koelbl 
in the 1960s in Austria from a pig with inapparent intestinal 
infection (Koelbl, 1969; Koelbl et al., 1970). Since 1995, high 
incidences and tetracycline-resistant strains of Chlamydia suis 
have been found in enteric and conjunctival porcine speci- 
mens, suggesting that Chlamydia suis infections are endemic 
in swine (Dugan et al., 2004). Chlamydia suis strains show 
marked ompA gene polymorphism, particularly of the vari- 
able domains, but less than 1.1% 16S rRNA gene diversity. 
This suggests the existence of numerous serovars, similar to 
Chlamydia trachomatis. Human infection with Chlamydia suis 
has not been observed. 

DNA G+C content (mol96): not determined. 

Type strain: S45, ATCC VR-1474. 

Sequence accession no. (16S rRNA gene): U73110. 


Other organisms 


Chlamydia-like organisms have been described in reptiles (tur- 
tle, tortoise, and boar) (Homer et al., 1994; Vanrompay et al., 
1994), amphibians (frog) (Bodetti et al., 2002), bivalves (mus- 
sel and clam) (Cajaraville and Angulo, 1991; Harshbarger and 
Chang, 1977; Page and Cutlip, 1982), and crab (Sparks et al., 
1985). These Chlamydialike organisms have ultra-structural 
morphology and developmental forms resembling those of 
chlamydiae in that the organisms grow within a cytoplasmic 
vacuole (inclusion) and undergo a developmental cycle from 
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Family Il. "Candidatus Clavichlamydiaceae” 


MarrHiAS HORN 


Cla.vi.chla.my.di.a.ce'ae. N.L. fem. n. Clavichlamydia type genus of the family; -aceae ending to 
denote a family, N.L. fem. pl. n. Clavichlamydiaceae the Clavichlamydia family. 


The family “Candidatus Clavichlamydiaceae" is currently solely 
based on 16S rRNA sequences moderately related to members 
of the Chlamydiaceae (around 90% sequence similarity) (Figure 
154). The family *Candidatus Clavichlamydiaceae" is a sister 


family of the Chlamydiaceae and contains a single genus, * Candi- 
datus Clavichlamydia". 

Type genus: *Candidatus Clavichlamydia" corrig. Karlsen, 
Nylund, Watanabe, Helvik, Nylund and Plarre 2008. 


Genus I. “Candidatus Clavichlamydia" corrig. Karlsen, Nylund, Watanabe, Helvik, Nylund and Plarre 2008 


MarrHIAS HORN 


Cla.vi.chla.my'di.a. L. n. clava a knotty branch, rough stick, cudgel, club; N.L. fem. n. Chlamydia taxonomic 
name of a bacterial genus; N.L. fem. n. Clavichlamydia a club Chlamydia (the morphology of the bacteria 
includes the characteristic head-and-tail cells that have been described earlier from salmonid fish suffering 


from epitheliocystis). 


Pleomorphic or elongated, nonmotile, obligate intracellular 
bacteria, up to 2 um in length. Cells show a developmental cycle 
with morphologically distinct stages and thrive inside a host 
vacuole. Organisms were found within gill lesions of fish and 
are differentiated from all other chlamydiae by the morphology 
of the proposed elementary bodies, which show a characteristic 
head-and-tail form (Figure 162). Members have not yet been 
obtained in cell culture. 


Type species: “Candidatus Clavichlamydia salmonicola" corrig. 
Karlsen, Nylund, Watanabe, Helvik, Nylund and Plarre 2008. 


Further descriptive information 


Three distinct morphological forms, representing different 
developmental stages, have been observed inside the host- 
derived vacuole that surrounded the bacteria. The proposed 
reticulate bodies are large pleomorphic cells (up to 2 um) with 


FAMILY Il. “CANDIDATUS CLAVICHLAMYDIACEAE" 


FIGURE 162. Morphological diversity of developmental stages of the Chlamyidae. (a) “ Candidatus Clavichlamydia salmonicola”, (b) Criblamydia 
sequanensis and (c) “Candidatus Rhabdochlamydia porcellionis”. Images are reproduced from Kostanjsek et al. (2004), Thomas et al. (2006) and 
Karlsen et al. (2008). See text for details. 


an inner structure resembling the reticulate bodies of Chlamy- 
diaceae (Figure 162). The proposed intermediate bodies were 
slightly smaller with a condensed cytoplasm. The proposed ele- 
mentary bodies were about | um long and consisted of a head 
and a tail region (Figure 162). Transitional forms between these 
three developmental stages have been observed (Karlsen et al., 
2008). Bacteria with a similar morphology have previously been 
observed in the gills of steelhead trout and lake trout, and in 
nonproliferative gill lesions of Atlantic salmon (Bradley et al., 
1988; Draghi et al., 2004; Rourke et al., 1984), but these bacte- 
ria were never identified on a molecular level. 


Pathogenesis. "Candidatus Clavichlamydia salmonicola” 
has been found infecting the gills of salmonid fish in freshwa- 
ter (Atlantic salmon, Salmo salar, and wild brown trout, Salmo 
trutta), forming large cysts (up to 56 um) consisting of single 
hypertrophied epithelial cells. Although a direct causal rela- 
tionship has not yet been demonstrated, “Candidatus Clavi- 
chlamydia salmonicola” has been suggested to represent one 
possible etiological agent of epitheliocystis in fish from freshwa- 
ter and marine environments (Karlsen et al., 2008). 


Taxonomic note 


The two available 16S rRNA sequences from the genus Clavi- 
chlamydia share slightly greater than 90% similarity with the 
16S rRNA sequences of Chlamydia abortus, Chlamydia felis, Chla- 
mydia pecorum, Chlamydia pneumoniae, and Chlamydia psittaci, 
but slightly less than 90% with Chlamydia muridarum, Chlamydia 
suis, and Chlamydia trachomatis. While the unique morphology 
of the developmental stages of members of the genus “Candi- 
datus Clavichlamydia” might favor the placement of this genus 
into a new family separate from the Chlamydiaceae, this might 
be subject to change when more sequence information and 
additional descriptions become available. 

The names Clavochlamydiaceae, Clavochlamydia, and “Can- 
didatus Clavochlamydia salmonicola” have been changed by 
the editors to “Candidatus Clavichlamydiaceae”, “Candidatus 
Clavichlamydia”, and “Candidatus Clavichlamydia salmo- 
nicola” during preparation of this chapter. The connecting 
vowel must be “i” because the first part of the name is derived 
from Latin. 


List of tentative species of the genus “Candidatus Clavichlamydia" 


1. “Candidatus Clavichlamydia salmonicola" corrig. Karlsen, 
Nylund, Watanabe, Helvik, Nylund and Plarre 2008. 


sal.mo.ni.co'la L. n. salmo -onis salmon; L. suff. -cola (from L. 
n. incola), inhabitant, dweller; N.L. n. salmonicola a salmon- 
dweller (infecting fish of the genus Salmo). 
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GENUS |. CRIBLAMYDIA 


867 


Family Ill. Criblamydiaceae Thomas, Casson and Greub 2006, 2131 


MATTHIAS HORN 


Cri.bla.my.di.a.ce’ae. N.L. fem. n. Criblamydia type genus of the family; -aceae ending to denote a 
family; N.L. fem. pl. n. Criblamydiaceae the Criblamydia family. 


The family Criblamydiaceae currently contains a single genus, 
Criblamydia, comprising a single species, which grows in amoe- 
bae of the genus Acanthamoeba and shows highest 16S rRNA 


sequence similarity to members of the Parachlamydiaceae (89%, 
Figure 154) (Thomas et al., 2006). 
Type genus: Criblamydia Thomas, Casson and Greub 2006, 2131. 


Genus |. Criblamydia Thomas, Casson and Greub 2006, 2131 


MattHiAs HORN 


Crib.la.my'di.a. N.L. fem. n. Cribia arbitrary name derived from the abbreviation CRIB (Center for Research 
on Intracellular Bacteria); N.L. fem. n. Chlamydia taxonomic name of a bacterial genus; N.L. fem. n. 
Criblamydia arbitrary name intended to mean a Chlamydia named after CRIB. 


Coccoid to pleomorphic, nonmotile, obligately intracellular 
bacteria, 0.5-1 um in diameter. Cells show a developmental 
cycle with morphologically distinct stages and grow within host- 
derived vacuoles. Organisms are differentiated from all other 
chlamydiae by the star-shaped elementary body seen with trans- 
mission electron microscopy (Figure 162). The genus Cribla- 
mydia contains a single species, Criblamydia sequanensis (Figure 
154), which has been recovered from a water sample from the 
river Seine (France) by co-cultivation with Acanthamoeba castel- 
lanii ATCC 30010 (Thomas et al., 2006). 

Type species: Criblamydia sequanensis Thomas, Casson and 
Greub 2006, 2131. 


Further descriptive information 


The natural host of the sole Criblamydia strain known to date 
(CRIB-18) is not known. Like many chlamydiae, it grew well 


in the free-living amoebae Acanthamoeba castellani ATCC 30010 
and Acanthamoeba polyphaga Linc-AP1, but could not propagate 
in Hartmannella vermiformis ATCC 50237 and Dictyostelium dis- 
coideum DH1-10, or mammalian cells (Thomas et al., 2006). In 
Acanthamoeba castellanii, Criblamydia sequanensis formed 1-10 
large vacuoles within 72-96 h, which led to lysis of the amoeba 
host cell after 4-6 d. No bacteria were observed in amoeba 
cysts. The reticulate bodies (0.8-1.0 um in diameter) possess a 
granular cytoplasm and a three-layer cell wall. The elementary 
bodies (0.5 um in diameter) frequently contain electron-trans- 
lucent oblong laminar structures, possess a five-layer cell wall, 
and show a star-like morphology with 3-7 branches in transmis- 
sion electron micrographs, which possibly represents a fixation 
artifact due to some unique cell-wall properties (Thomas et al., 
2006). 


List of species of the genus Criblamydia 


1. Criblamydia sequanensis Thomas, Casson and Greub 2006, 
2131. 


sequ.a.nen'sis.L. n. Sequana Latin name of the river Seine 
(France); N.L. fem. adj. sequanensis of or belonging to 
Sequana from which the type strain was recovered. 


The characteristics of the sole member of the genus and 
species are the same as that provided for the genus descrip- 
tion. Its isolation by co-culture with amoebae in the presence 
of ampicillin and vancomycin suggests resistance to these 
antibiotics. The 16S rRNA-targeted oligonucleotide probe 


S-S-Crib-0064-a-A-20 (5'-GTTACCCAAATACTTCGTTC-3’) can 
be used for specific detection using fluorescence in situ 
hybridization (Thomas et al., 2006). 

Type strain: CRIB-18, not yet deposited in a public culture 
collection. 

Sequence accession no. (16S rRNA gene): DQ124300. 


Reference 


Thomas, V., N. Casson and G. Greub. 2006. Criblamydia sequanensis, a 
new intracellular Chlamydiales isolated from Seine river water using 
amoebal co-culture. Environ. Microbiol. 8: 2125-2135. 


Family IV. Parachlamydiaceae Everett, Bush and Andersen 1999, 434° 


MATTHIAS HoRN 


Pa.ra.chla.my.di.a.ce'ae. N.L. fem. n. Parachlamydia type genus of the family; -aceae ending to denote 
a family; N.L. fem. pl. n. Parachlamydiaceae the Parachlamydia family. 


The Parachlamydiaceae naturally thrive in free-living amoebae 
(Everett et al., 1999). The family currently contains three gen- 
era, Parachlamydia, Neochlamydia, and Protochlamydia (Figure 
154). Further symbionts of acanthamoebae, which were identi- 
fied as being related to the Parachlamydiaceae but which were 


not described in greater detail, might represent additional 
genera within this family (Fritsche et al., 2000). 

Type genus: Parachlamydia Everett, Busch and Andersen 1999, 
435%, 
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FAMILY IV.PARACHLAMYDIACEAE 


Genus I. Parachlamydia Everett, Bush and Andersen 1999, 435VP 


MattHiAs HORN 


Pa.ra.chla.my'di.a. Gr. prep. para like, alongside of; N.L. fem. n. Chlamydia taxonomic name of a bacterial 
genus; N.L. fem. n. Parachlamydia resembling the genus Chlamydia. 


Coccoid, nonmotile, obligate intracellular bacteria, 0.4—0.6 ym 
in diameter. Cells show a developmental cycle with morpho- 
logically distinct stages and grow within host-derived vacuoles. 
Organisms naturally infect free-living amoebae of the genus 
Acamthamoeba. The genus Parachlamydia currently contains but a 
single species, Parachlamydia acanthamoebae (Amann et al., 1997; 
Everett et al., 1999) (Figure 154). A number of additional sym- 
bionts of Acanthamoeba species closely related to. Parachlamydia 
acanthamoebae have been identified but not described in greater 
detail (Amann et al., 1997; Collingro et al., 2005a; Heinz et al., 
2007; Thomas et al., 2006). 

Type species: Parachlamydia acanthamoebae Everett, Bush and 
Andersen 1999, 435%. 


Further descriptive information 


Two distinct morphological forms, almost similar in size (0.4— 
0.6 um) and resembling the reticulate and elementary bodies 
of the Chlamydiaceae, have originally been observed inside the 
host-derived vacuoles in which the bacteria live (Michel et al., 
1994). An inclusion typically contains many bacteria. In addi- 
tion, a third developmental stage, the crescent body, has been 
proposed and was associated with prolonged co-incubation 
time of 6 d (Greub and Raoult, 2002a). The crescent body 
of Parachlamydia acanthamoebae has a crescent shape, shows a 
thickened cell wall similar to the elementary body, and is con- 
sidered to represent an additional infective stage. Elementary 
and crescent bodies enter the amoeba host by phagocytosis 
and differentiate within inclusions in less than 8 h to reticulate 
bodies (Greub and Raoult, 2002a). All developmental stages 
except for crescent bodies have also been observed outside of 
inclusions (directly in the cytoplasm), although the inclusion 
seemed to be the preferred intracellular niche of Parachlamydia 
acanthamoebae. Bacteria are released from their host cells within 
vesicles or by lysis of the amoebae. The lytic activity of Parachla- 
mydia acanthamoebae was dependent on temperature, showing 
low levels at temperatures below 30°C and reaching a maxi- 
mum at temperatures of 32-37°C (Greub et al., 2003c). Infec- 
tion of acanthamoebae largely inhibited cyst formation (Greub 
and Raoult, 2002a; Michel et al., 1994). 

The Parachlamydia species strain OEW1, most closely related 
to Parachlamydia acanthamoebae, has been found naturally shar- 
ing its amoeba host cells with a second, betaproteobacterial sym- 
biont related to “Candidatus Procabacter” (Heinz et al., 2007). 
Co-cultivation with amoebae has been a valuable and straight- 
forward method to directly recover Parachlamydia species (and 
other chlamydiae) from complex environmental samples with- 
out the need to isolate the natural host (Collingro et al., 2005a; 
Thomas et al., 2006). 

In addition to being found in free-living amoebae, in the labo- 
ratory Parachlamydia acanthamoebae is able to enter and (to a lim- 
ited degree to) multiply in Vero cells, in human macrophages, 
pneumocytes, and lung fibroblasts (Casson et al., 2006; Col- 
lingro et al., 2005a; Greub et al., 2003d). In monocyte-derived 


macrophages, Parachlamydia acanthamoebae trafficked through 
the endocytic pathway and replicated in a modified vacuole, 
which was acidic, Lamp-l positive, and cathepsin negative 
(Greub et al., 2005). This is fundamentally different from the 
Chlamydiaceae, which bypass the endocytic pathway (Dautry-Var- 
sat et al., 2004). 

In human macrophages, Parachlamydia acanthamoebae did not 
induce an oxidative burst or pro-inflammatory cytokine produc- 
tion, but showed a cytopathic effect, most likely due to apoptosis 
(Greub et al., 2003d, 2005a). In contrast, no cytopathic effect 
was observed on pneumocytes and lung fibroblasts, indicating 
that rather than macrophages, these or similar cell types might 
represent replicative niches for Parachlamydia acanthamoebae in 
humans (Casson et al., 2006). 

Parachlamydia acanthamoebae, like other chlamydiae, uses an 
ATP/ADP translocase to thrive as an energy parasite within its 
host cell (Greub and Raoult, 2003; Schmitz-Esser et al., 2004). 


Pathogenesis. Free-living amoebae are considered the 
natural hosts of Parachlamydia species, but there is also accu- 
mulating evidence for a potential pathogenicity of these bac- 
teria for humans (extensively reviewed by Greub and Raoult, 
2002b; Corsaro and Venditti, 2004; Corsaro and Greub, 2006). 
“Hall’s coccus”, later identified as a Parachlamydia acanthamoe- 
bae strain, was one of the first chlamydia-like organisms that 
has been implicated in human disease. It was originally found 
in an Acanthamoeba species isolated from the source of an 
outbreak of humidifier fever in Vermont, USA. In a separate 
study, approximately 1% of patients with pneumonia of unde- 
termined cause showed elevated antibody titers against these 
bacteria (Birtles et al., 1997). To date, Parachlamydia species 
have primarily been associated with respiratory disease includ- 
ing community acquired pneumonia, bronchitis, and aspi- 
ration pneumonia, and also with atherosclerosis (Corsaro 
et al., 2002; Greub et al., 2003a, b, 2006; Marrie et al., 2001). 
These studies are purely based on serological (immunofluo- 
rescence assays) or molecular evidence (PCR, nested PCR, 
real-time PCR). Parachlamydia acanthamoebae has not yet been 
isolated from a patient, and Frederick’s and Relman’s revi- 
sions of Koch’s postulates for sequence-based identification of 
microbial pathogens have not yet been fulfilled (Fredericks 
and Relman, 1996). Considering the slow growth of Parachla- 
mydia acanthamoebae in human macrophages, pneumocytes, 
and lung fibroblasts compared to the Chlamydiaceae or the 
intracellular pathogen Legionella pneumophila (a difference of 
three orders of magnitude), and taking into account evidence 
for Parachlamydia acanthamoebae infections in immunocom- 
promised patients (Greub et al., 2003a; Marrie et al., 2001), 
Parachlamydia acanthamoebae might be an opportunistic respi- 
ratory pathogen. 

All Parachlamydia strains tested were resistant to beta-lactam 
antibiotics and fluoroquinolones, but were susceptible to mac- 
rolides, tetracycline, and rifampicin (Casson and Greub, 2006; 
Maurin et al., 2002; Michel et al., 1994). 


GENUS II. NEOCHLAMYDIA 


869 


List of species of the genus Parachlamydia 


1. Parachlamydia acanthamoebae Everett, Bush and Andersen 
1999, 435%? 


a.can.tha.mo.e'bae. N.L. n. Acanthamoeba taxonomic name 
of a genus of Acanthamoebidae; N.L. gen. n. acanthamoebae of 
(living in) members of the genus Acanthamoeba. 


The characteristics of the sole member of the genus 
and species are the same as that provided for the genus 
description. The original host amoeba Acanthamoeba sp. 
Bn, was isolated from human nasal mucosa of a healthy 
volunteer in Germany (Michel et al., 1994). Parachlamydia 
acanthamoebae can also use other Acanthamoeba species as 
hosts. 


The 16S rRNA-targeted oligonucleotide probe Bn,658 
(5'-TCCGTTTTCTCCGCCTAC-3’) can be used for the 
detection of Parachlamydia acanthamoebae by fluorescence in 
situ hybridization (Amann et al., 1997), but this probe tar- 
gets also members of the genus Protochlamydia. 

Several Parachlamydia acanthamoebae strains have been 
described (Bergl7, Bn9, “Hall’s coccus”, OEWI, Seine, 
UV7) showing nearly identical 16S rRNA gene sequences. 
The genome sequence of Parachlamydia acanthamoebae UV7 
is currently being determined. 

DNA G+C content (mol % ): not available. 

Type strain: Bn,, ATCC VR 1476. 

Sequence accession no. (16S rRNA gene): not available. 


Genus Il. Neochlamydia Horn, Wagner, Müller, Schmid, Fritsche, Schleifer and Michel 2001, 1229"? 
(Effective publication: Horn, Wagner, Müller, Schmid, Fritsche, Schleifer and Michel 2000, 1236.) 


MarrHIAS HORN 


Ne.o.chla.my'di.a. Gr. pref. neo- (from. Gr. adj. neos) new; N.L. fem. n. Chlamydia name of a bacterial 
genus; N.L. fem. n. Neochlamydia a new Chlamydia, referring to the modest phylogenetic relationship to 


the Chlamydiaceae. 


Coccoid, nonmotile, obligate intracellular bacteria, 0.4—0.6 ym 
in diameter. Bacteria show a developmental cycle with morpho- 
logically distinct stages and are directly located in the host cell 
cytoplasm. Organisms naturally infect the amoeba Hartmannella 
vermiformis, but no other free-living amoebae including the 
Acanthamoeba species tested; the only exception was the social 
amoeba Dictyostelium discoideum Berg... The genus Neochlamydia 
currently contains a single species, Neochlamydia hartmannellae 
(Figure 154) (Horn et al., 2000). 

Type species: Neochlamydia hartmannellae Horn, Wagner, 
Müller, Schmid, Fritsche, Schleifer and Michel 2001, 1229% 
(Effective publication: Horn, Wagner, Müller, Schmid, Fritsche, 
Schleifer and Michel 2000, 1237.). 


Further descriptive information 


Two distinct morphological forms, representing different 
developmental stages, have been observed inside the amoeba 
Hartmannella vermiformis host. Reticulate bodies were irregu- 
larly spherical in shape (0.4—0.6 um in diameter) and showed 
a granular cytoplasm similar to the reticulate bodies of mem- 
bers of the Chlamydiaceae. The coccoid elementary bodies 
were of similar size (0.5-0.6 um in diameter). In contrast to 
all other chlamydiae known so far, Neochlamydia hartmannellae 
did not seem to be located within inclusions, but directly in 
the cytoplasm of its host cell, indicating that these organisms 


possess an escape mechanism from the phagosome (Horn 
et al., 2000). 

Infection of the amoeba Hartmannella vermiformis with Neo- 
chlamydia hartmannellae suppressed cyst formation and led to 
rapid lysis of the amoeba host within 5 d. This suggests a limited 
adaption of host and parasite, possibly due to a relatively short 
evolutionary relationship, and might indicate the existence of 
alternative protist hosts for Neochlamydia hartmannellae in the 
environment (Horn et al., 2000). 

Bacteriophage-like particles have been observed by electron 
microscopy in abnormal, enlarged Neochlamydia hartmannellae 
cells (up to 1.3 um in diameter). This putative bacteriophage 
(Neo-Ph/1) is 68 nm in diameter, much larger than known 
chlamydia phages of the genus Chlamydiamicrovirus (Schmid 
et al., 2001). 


Pathogenesis. Neochlamydia hartmannellae is primarily a 
parasite of amoebae. Neochlamydia hartmannellae has also been 
identified as possible causative agent of epitheliocystis in fish 
(Draghi et al., 2007; Meijer et al., 2006). In addition, there is 
preliminary molecular evidence for an association with feline 
ocular disease (von Bomhard et al., 2003). To date, there is no 
evidence for an association of Neochlamydia hartmannellae with 
disease in humans. Neochlamydia hartmannellae is resistant to the 
quinolone ciprofloxacin (Casson and Greub, 2006). 


List of species of the genus Neochlamydia 


1. Neochlamydia hartmannellae Horn, Wagner, Müller, Schmid, 
Fritsche, Schleifer and Michel 2001, 1229Y* (Effective pub- 
lication: Horn, Wagner, Müller, Schmid, Fritsche, Schleifer 
and Michel 2000, 1237.) 
hart.man.nel'lae. N.L. gen. n. hartmannellae, of Hartmannella 
(taxonomic name of a genus of Hartmannellidae), referring 
to the name of the host amoeba, Hartmannella vermiformis 
strain A, Hsp, in which the organism was first discovered. 


The characteristics of the sole member of the genus and 
species are the same as that provided for the genus descrip- 
tion. The original host amoeba (Hartmannella vermiformis 
A Hsp) of the type strain has been isolated from a water con- 
duit system of a dental unit in Germany. 

The 16S rRNA-targeted oligonucleotide probe S-S- 
ParaC-0658-a-A-18 (5'- TCCATTTTCTCCGTCTAC -3') can 
be used for the detection of Neochlamydia hartmannellae by 


870 


fluorescence in situ hybridization (Horn et al., 2000). This 
probe also targets two closely related symbionts of Acan- 
thamoeba species (Fritsche et al., 2000). 


FAMILY IV. PARACHLAMYDIACEAE 


DNA G+C content (mol% ): not available. 
Type strain: A Hsp, ATCC 50802. 
Sequence accession no. (16S rRNA gene): AF177275. 


Genus III. Protochlamydia Horn, gen. nov. (previously known as “Candidatus Protochlamydia" Collingro et al. 2005b) 


MarrHIAS HORN 


Pro.to.chla.my'di.a. Gr. adj. protos first, foremost; N.L. fem. n. Chlamydia name of a bacterial genus; N.L. fem. 
n. Protochlamydia first Chlamydia, referring to the similarity of these bacteria to the chlamydial ancestor. 


Coccoid, nonmotile, obligately intracellular bacteria, 0.5-1 
um. Cells show a developmental cycle with morphologically 
distinct stages and grow within host-derived vacuoles. Organ- 
isms naturally infect amoebae of the genus Acanthamoeba. The 
genus Protochlamydia currently contains a single species, Pro- 
tochlamydia amoebophila (Figure 154) (Collingro et al., 2005b; 
Fritsche et al., 2000). A 16S rRNA gene sequence showing 97% 
similarity with the 16S rRNA gene of Protochlamydia amoebophila 
has been deposited at GenBank/EMBL/DDBJ (DQ632609). 
This sequence represents a second species within the genus 
Protochlamydia, tentatively named Protochlamydia naegleriophila 
(Casson, Michel, Goy, Muller and Greub, unpublished), but no 
further details have yet been published. 

DNA G+C content (mol % ): 35.8. 

Type species: Protochlamydia amoebophila Horn, sp. nov. (pre- 
viously known as "Candidatus Protochlamydia amoebophila" 
Collingro et al. 2005b). 


Further descriptive information 


The developmental stages of Protochlamydia species resemble 
those of the Chlamydiaceae. Elementary bodies are 0.5-0.8 um in 
diameter; reticulate bodies are 0.7-1.0 um in diameter. Bacteria 
are located inside inclusions, which, in contrast to Parachlamydia 
acanthamoebae, typically comprise only one or very few bacteria. 
No stages similar to persistent forms of the Chlamydiaceae have 
been observed (Collingro et al., 2005b; Fritsche et al., 2000). 

Parachlamydia amoebophila had a cytopathic effect on its orig- 
inal host Acanthamoeba sp. UWE25, but also grows in various 
other Acanthamoeba strains, where its life cycle seems to be well 
coordinated with growth of the amoeba host. Parachlamydia 
amoebophila shows only marginal cytopathic effect on these host 
cells at temperatures around 20°C, but hampers their multi- 
plication (Collingro et al., 2004). In contrast to Neochlamydia 
hartmannellae and Parachlamydia acanthamoebae, infection of 
Acanthamoeba species does not seem to inhibit cyst formation, 
and Parachlamydia amoebophila is occasionally also seen in Acan- 
thamoeba cysts (Collingro et al., 2005a; Fritsche et al., 2000). 
Parachlamydia amoebophila is also able to use the social amoeba 
Dictyostelium discoideum as host (Skriwan et al., 2002). 

The circular genome of the type strain, Parachlamydia amoe- 
bophila UWE25, is the largest chlamydial genome available to 
date (2.4 Mb), contains a low G+C content of 36 mol%, and 
encodes three rRNA operons (Horn et al., 2004). Based on 
comparative genome analysis, several metabolic pathways are 
truncated in Parachlamydia amoebophila, and therefore essential 
building blocks like nucleotides, many amino acids (except 
for glycine, alanine, serine, aspartic acid, glutamine, glutamic 
acid, and proline), and several cofactors (except for riboflavin, 
heme, folate, and menaquinone) need to be acquired from the 
host cell. Compared to the Chlamydiaceae, however, Parachla- 


mydia amoebophila has generally greater metabolic capabilities. 
The Parachlamydia amoebophila genome, for example, encodes a 
complete tricarboxylic acid cycle and possesses a more versatile 
respiratory chain (Horn et al., 2006). 

Like other intracellular bacteria, Parachlamydia amoebophila 
uses a variety of transport proteins to compensate for the lack 
of essential biosynthetic pathways. As an example, five nucle- 
otide transporters are encoded in the Parachlamydia amoebophila 
genome, whose joint action catalyzes the import of RNA nucle- 
otides and the cofactor nicotinamide adenine dinucleotide 
(Haferkamp et al., 2004, 2006; Schmitz-Esser et al., 2004). In 
addition, one of these transporters functions as an ATP/ADP 
translocase importing ATP from the amoeba host in exchange 
for bacterial ADP and thus serving to parasitize the host's ATP 
pool (Schmitz-Esser et al., 2004; Trentmann et al., 2007). 

Parachlamydia amoebophila encodes a complete gene set for 
peptidoglycan biosynthesis and the cysteine-rich proteins OmcA 
and OmcB, but lacks a gene for the major outer-membrane pro- 
tein OmpA. Parachlamydia amoebophila does not cross-react with 
antibodies against OmpA of members of the Chlamydiaceae or 
the Chlamydiaspecific lipopolysaccharide epitope (Collingro 
et al., 2005b; Horn et al., 2004; Horn et al., 2006). 

Several proteins that have been implicated in pathoge- 
nicity of the Chlamydiaceae are encoded in the Parachlamydia 
amoebophila genome. For example, Parachlamydia amoebophila 
possesses proteins targeted to the inclusion membrane (Inc) 
and expresses the Chlamydiaspecific protease-like activity fac- 
tor CPAF. Parachlamydia amoebophila also possesses a type three 
secretions system, distributed among several loci across the 
genome, which seems to be characteristic for the Chlamydiae in 
contrast to proteobacterial type three secretion systems, which 
are generally encoded on a plasmid or a single region on the 
chromosome (Horn et al., 2004; Hueck, 1998; Peters et al., 
2007). On the other hand, many proteins considered impor- 
tant for host cell interaction of the Chlamydiaceae are missing 
in Parachlamydia amoebophila, e.g., polymorphic membrane 
proteins (Pmp). Parachlamydia amoebophila instead encodes sev- 
eral proteins potentially involved in host cell interaction but 
absent in the Chlamydiaceae, such as a number of leucine-rich 
repeat proteins and a type four secretion system encoded on a 
genomic island which has most likely been acquired by lateral 
gene transfer and might be involved in protein export or conju- 
gative DNA transfer (Greub et al., 2004; Horn et al., 2004). 

Phylogenetic analysis suggests that the last common ancestor 
of Parachlamydia amoebophila and the Chlamydiaceae lived at least 
700 million years ago. This ancient microorganism had, at that 
time, most likely already lived within a eukaryotic host cell and 
used several basic mechanisms for host cell interaction which are 
conserved to date, and which most likely developed during inter- 
play with ancient unicellular eukaryotes (Horn et al., 2004). 


GENUS III. PROTOCHLAMYDIA 871 


Pathogenesis. Free-living amoebae are considered the nat- 
ural hosts of Protochlamydia species. The presence of Parachla- 


Acanthamoeba host cells on human fibroblasts (Fritsche et al., 
1998). To date, there is no evidence for a direct pathogenic 


mydia amoebophila increased the in vitro cytopathogenicity of potential of Parachlamydia amoebophila for humans. 


List of species of the genus Protochlamydia 


1. Protochlamydia amoebophila Horn, sp. nov. (previously 
known as “Candidatus Protochlamydia amoebophila” 
Collingro, Toenshoff, Taylor, Fritsche, Wagner and Horn 
2005b). 


a.moe'bo.phi.la. N.L. n. amoeba an amoeba; N.L. adj. philus-a 
-um (from Gr. adj. philos -é-on) friend, loving; N.L. fem. adj. 
amoebophila amoeba-loving, referring to the intracellular life 
style within amoebae. 


The characteristics of the sole member of the genus and 
species are the same as that provided for the genus descrip- 
tion. The original host amoeba Acanthamoeba species UWE25 
was isolated from a soil sample in western Washington 
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Family V. "Candidatus Piscichlamydiaceae” 


MarrHiAS HORN 


Pi.sci.chla.my.di.a.ce'ae. N.L. fem. n. Piscichlamydia type genus of the family; -aceae ending to 
denote a family, N.L. fem. pl. n. Piscichlamydiaceae the Piscichlamydia family. 


The family *Candidatus Piscichlamydiaceae" is to date solely 
based on 16S rRNA sequences distantly related to all other 
members of the Chlamydiae (80-83% sequence similarity; Fig- 
ure 154). The family *Candidatus Piscichlamydiaceae" con- 


tains a single genus, "Candidatus Piscichlamydia" (Draghi 
et al., 2004). 

Type genus: * Candidatus Piscichlamydia" Draghi, Popov, Kahl, 
Stanton, Brown, Tsongalis, West and Frasca 2004, 5286. 


Genus l. “Candidatus Piscichlamydia" Draghi, Popov, Kahl, Stanton, Brown, Tsongalis, West and Frasca 2004, 5286 


MarrHiAS HORN 


Pi.sci.chla.my'di.a. L. n. piscis, -is fish; N.L. fem. n. Chlamydia name of a bacterial genus; N.L. fem. n. 


Piscichlamydia Chlamydia-like organism affecting fish. 


Coccoid to rod shaped, nonmotile, obligately intracellular bac- 
teria, up to 1.8 um in length. 

Cells show a developmental cycle with morphologically dis- 
tinct stages similar to those of the Chlamydiaceae and thrive 
inside a host vacuole. Organisms were found within gill lesions 
of fish and have not yet been obtained in cell culture. 

Type species: *Candidatus Piscichlamydia salmonis" Draghi, 
Popov, Kahl, Stanton, Brown, Tsongalis, West and Frasca 2004, 
5286. 


Further descriptive information 


Two distinct morphological forms, representing different devel- 
opmental stages, have been observed inside the host-derived 
vacuole that surrounded the bacteria. The proposed reticulate 
bodies are elongate, oblong, or spherical (0.7-1.8 um) with 
even, granular cytoplasm resembling the reticulate bodies of 
Chlamydiaceae. The second morphological stage was round 


to oval (0.6-0.8 um) with a central, condensed cytoplasm. 
Although these forms were proposed to represent intermediate 
bodies, they might in fact correspond to elementary bodies as 
no other stage resembling the elementary bodies of other chla- 
mydiae has been observed (Draghi et al., 2004). Immunogold 
labeling experiments using antibodies against the Chlamydia 
genus-specific LPS epitope KDOp-(2-8)-KDOp-(2-4)-KDO 
suggested the presence of a similar trisaccharide in the LPS of 
“Candidatus Piscichlamydia salmonis” (Draghi et al., 2004). 


Pathogenesis. "Candidatus Piscichlamydia salmonis" has 
been found infecting the gills of salmonid fish (Atlantic salmon, 
Salmo salar) in marine water, forming proliferative lesions 
and inclusions in hypertrophied epithelial cells at the tips of 
lamellae. “Candidatus Piscichlamydia salmonis” has been sug- 
gested to represent one possible etiological agent of epithelio- 
cystis in fish from marine environments (Draghi et al., 2004). 


GENUS |. RHABDOCHLAMYDIA 
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List of tentative species of the genus “Candidatus Piscichlamydia” 


1. “Candidatus Piscichlamydia salmonis” Draghi, Popov, Kahl, 
Stanton, Brown, Tsongalis, West and Frasca 2004, 5286 
sal.mo'nis. L. n. salmo, -onis salmon; L. gen. n. salmonis of 
salmon (infecting fish of the genus Salmo). 

The genus “Candidatus Piscichlamydia" is based on 


the description of “Candidatus Piscichlamydia salmonis” 
(Draghi et al., 2004) (Figure 154). 


Sequence accession no. (16S rRNA gene): AY462244. 


Reference 
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Family VI. Rhabdochlamydiaceae fam. nov. 


MarrHiAS HORN 


Rhab.do.chla.my.di.a.ce'ae. N.L. fem. n. Rhabdochlamydia type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Rhabdochlamydiaceae the Rhabdochlamydia family. 


Members of the family Rhabdochlamydiaceae have been found 
infecting arthropods, but can also thrive in amoebae and are 
moderately related to the Simkaniaceae (around 86% 16S rRNA 
sequence similarity; Figure 154). The family Rhabdochlamydiaceae 


is a sister family of the Simkaniaceae and contains a single genus, 
Rhabdochlamydia. 
Type genus: Rhabdochlamydia gen. nov. 


Genus |. Rhabdochlamydia Horn, gen. nov. (previously known as “Candidatus Rhabdochlamydia" Kostanjgek, Strus, 
Drobne and Avguštin 2004) 


MattHiAs HORN 


Rhab.do.chla.my'di.a. Gr. fem. n. rhabdos stick, rod; N.L. fem. n. Chlamydia taxonomic name of a bacterial genus; 
N.L. fem. n. Rhabdochlamydia referring to the rod-like morphology of the elementary bodies of this genus. 


Coccoid to rod shaped, nonmotile, obligately intracellular 
bacteria, 0.35—4 um. Cells show a developmental cycle with 
morphologically distinct stages and grow within host-derived 
vacuoles. Organisms naturally infect arthropods and are differ- 
entiated from all other chlamydiae by the rod-shaped elemen- 
tary body, which has a five-layer cell wall and shows one or two 
electron-translucent oblong structures in the cytoplasm (Figure 
162). The genus Rhabdochlamydia is based on the description 
of “Candidatus Rhabdochlamydia porcellionis" and Rhabdochla- 
mydia crassificans (Corsaro et al., 2007; Kostanjšek et al., 2004) 
(Figure 154). 

Type species: Rhabdochlamydia crassificans Horn, gen. 
nov. (previously known as “Candidatus Rhabdochlamydia" 
Kostanjšek, Štrus, Drobne and Avguštin 2004). 


Further descriptive information 


Three distinct morphological forms, representing different 
developmental stages, have been observed inside the host-derived 
vacuoles in which the bacteria live. Reticulate bodies are spheri- 
cal in shape (0.9-4 um in diameter), show a granular cytoplasm, 
resemble the reticulate bodies of members of the Chlamydiaceae, 


and have a three-layer cell wall. The elementary bodies are rod- 
shaped (0.25-0.7 um long, with a diameter of 0.1-0.25 um), 
electron-dense, possess a five-layer cell wall, and show one to two 
electron-translucent, elongate inclusions in the cytoplasm, gen- 
erally at one pole (Corsaro et al., 2007; Kostanjšek et al., 2004). 
Transitional stages between reticulate and elementary bodies, 
intermediate bodies, have been observed, which largely resem- 
ble reticulate bodies, but are smaller in size (0.35-0.65 um) and 
show an electron-dense central area (Kostanjšek et al., 2004). 
Elementary bodies with a similar morphology have previously 
been described for organisms classified as Rickettsiella species in 
spiders and scorpions (Morel, 1976; Weiss et al., 1984). 


Pathogenesis. The Rhabdochlamydia species identified to 
date have been found in the hepatopancreas of the terrestrial 
isopod Porcellio scaber (Kostanjsek et al., 2004) and the fat body 
of the cockroach Blatta orientalis, respectively (Corsaro et al., 
2007). These arthropods might represent the natural hosts 
for the respective Rhabdochlamydia species, which can co-exist 
with their hosts in an asymptomatic state, but which may also 
cause disease, e.g., abdominal swelling (Corsaro et al., 2007; 
Kostanjšek et al., 2004). 


List of species of the genus Hhabdochlamydia 


1. Rhabdochlamydia crassificans Corsaro, Thomas, Goy, Ven- 
ditti, Radek and Greub 2005, 226 
cras'si.fi.cans. L. adj. crassus thick; L. ending -ficans (from L. v. 
facio facereto make) making; N.L. adj. crassificans making thick, 
referring to the body swelling of cockroaches upon infection. 


The characteristics are the same as for the genus, except 
noted. Reticulate bodies are about 0.9 um in diameter; 


elementary bodies are about 0.5 um x 0.25 um (Corsaro 
et al., 2007); two intermediate stages have been described 
resembling the elementary and the reticulate bodies, respec- 
tively (Radek, 2000). 

Rhabdochlamydia  crassificans was found infecting the 
cockroach Blatta orientalis. Infection occurred mainly in 
the fat body but also systemically, affecting gut epithelium, 
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Malpighian tubules, blood cells, and ovarioles (Radek, 2000). 
Cells infected with Rhabdochlamydia crassificans contained 
several small to large inclusions (7-50 um in diameter with 
single vacuoles as large as 100 um). Mycetocytes containing 
the primary cockroach symbiont Blattabacterium species were 
also observed to be co-infected with Rhabdochlamydia cras- 
sificans (Radek, 2000). Infection of Blattabacteriwm orientalis 
with Rhabdochlamydia crassificans caused severe abdominal 
swelling resulting in individuals unable to move and with a 
decreased life expectancy (Radek, 2000), but asymptomatic 
cockroaches were also found (Corsaro et al., 2007). On the 
population level, infection with Rhabdochlamydia crassificans 
led to stagnation of reproduction of Blattabacterium orientalis 
colonies. Transmission of Rhabdochlamydia crassificans may be 
transovarial or via feces. 

Rhabdochlamydia crassificans can be grown in the amoeba 
Acanthamoeba castellanii ATCC 30010 (Casson et al., 2007). 

Rhabdochlamydia crassificans has previously been classified 
as Rickettsiella crassificans (Radek, 2000). 

Type strain: CRIB-01 (not yet deposited in a public culture 
collection). 

Sequence accession no. (16S rRNA gene): AY928092. 


2. “Candidatus Rhabdochlamydia porcellionis” Kostanjšek, 
Strus, Drobne and Avguštin 2004, 548 


por.cel.li.o'nis. L. n. porcellio, -onis a cheslip, woodlouse, sowbug, 
and also a zoological genus name (Porcellio); L. gen. n. porcellionis 
of Porcellio (infecting terrestrial isopods of the genus Porcellio). 


Not yet obtained in cell culture. The characteristics are 
the same as for the genus, except as noted. 
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FAMILY VII. SIMKANIACEAE 


Reticulate bodies are 1—4 um in diameter; intermediate 
bodies are 0.35-0.65 um. Mature elementary bodies are 0.25— 
0.7 um in length and 0.1-0.15 um in diameter (Kostanjšek 
et al., 2004). 

"Candidatus Rhabdochlamydia porcellionis" was found 
infecting the hepatopancreas of the terrestrial isopod 
(*woodlouse") Porcellio scaber. Infection can be noted by 
characteristic, white spots (100-200 um in diameter) along 
the glands, which represent enlarged epithelial cells with 
multiple smaller or a single large vacuole (up to 30 um in 
diameter) containing different developmental stages of 
the bacteria, which are eventually released into the gland 
lumina. Infection of Porcellio scaber with "Candidatus Rhab- 
dochlamydia porcellionis" leads to a reorganization of the 
structure and function of the digestive glands and possibly 
to death of the infected individuals although no differences 
in feeding rate has been observed between uninfected and 
infected individuals during a period of 5 d. Between 0 and 
10% of individuals in natural Porcellio scaber populations are 
generally infected (Drobne et al., 1999; Kostanjšek et al., 
2004). 

"Candidatus Rhabdochlamydia porcellionis" has previ- 
ously been classified as Chlamydia isopodii (Shay et al., 1985) 
or placed in the polyphyletic genus Rickettsiella (Drobne 
et al., 1999). 

The 16S rRNA-targeted oligonucleotide probe S-S-RhaC- 
0992-a-A-20  (5'-GATGCTGTCCTTTGCATTTC-3’) can be 
used for specific detection using fluorescence 7n situ hybrid- 
ization (Kostanjšek et al., 2004). 

Sequence accession no. (16S rRNA gene): AY223862. 
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Family VII. Simkaniaceae Everett, Bush and Andersen 1999, 435° 


MATTHIAS HoRN 


Sim.ka.ni.a.ce'ae. N.L. fem. n. Simkania type genus of the family; -aceae ending to denote a family. 


N.L. fem. pl. n. Simkaniaceae the Simkania family. 


The family Simkaniaceae originally comprised but a single 
genus, the type genus Simkania (Everett et al., 1999). A sec- 
ond genus, Fritschea, based on the description of “Candidatus 
Fritschea bemisiae” and “Candidatus Fritschea eriococci” is 
added (Everett et al., 2005; Thao et al., 2003). The recently 


identified endosymbiont of the enigmatic marine animal Xeno- 
turbella constitutes a third genus within the family Simkaniaceae, 
but awaits formal description (Israelsson, 2007) (Figure 154). 
The 23S rRNA genes of all known members of the Simkaniaceae 
(including the Xenoturbella symbiont, but with the exception 


GENUS II. “CANDIDATUS 


of “Candidatus Fritschea eriococci”) contain group I introns 
encoding a DNA endonuclease most similar to group I introns 
in the 23S rRNA of chloroplasts and mitochondria of algae. 
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The family Simkaniaceae is a sister family of the Rhabdochlamy- 
diaceae. 
Type genus: Simkania Everett, Bush and Andersen 1999, 435%. 


Genus |. Simkania Everett, Bush and Andersen 1999, 435"? 


Patrik M. BAvoiL, RICHARD S. STEPHENS, BERNHARD KALTENBOECK AND CHo-CHou Kuo 


Sim.ka'ni.a. N.L. fem. n. Simkania arbitrary name formed from the personal name Simona Kahane, the 


discoverer of the type species. 


Coccoid or slightly elongated, nonmotile, obligately intracellular 
organisms, 0.2-0.7 um in diameter. Cells grow in the cytosolic 
compartment of eukaryotic host cells within membrane-bound 
vacuoles termed inclusions. Organisms are differentiated from 
members of the Chlamydiaceae by their resistance to penicillin, 
the infectivity of both replicating and proposed differentiated 
forms toward eukaryotic cells, and their infectivity of amoebae. 

DNA G+C content (mol % ): 42.5. 

Type species: Simkania negevensis Everett, Bush and Andersen 
1999, 435%", 


Further descriptive information 


Isolation, growth, cell morphology, and other characteris- 
tics. The expanding scientific literature is reviewed in which 
Simkania illustrates significant structural and biological differ- 
ences from the Chlamydiaceae. First isolated as a contaminant 
of cell culture (Kahane et al., 1993), Simkania negevensis also 
grows in Vero cells, HeLa cells, and trophozoites of acan- 
thamoebae, and survives in amoebal cysts (Kahane et al., 
2001). 


Rapid growth occurs in Vero cells for a period of 2-3 d fol- 
lowed by a "stationary" phase of 8 or more days (Kahane et al., 
1999). Growing simkaniae are characterized by replicating and 
proposed differentiated forms that are 0.2-0.3 and 0.3-0.7 
um in diameter, respectively; both forms are infectious (Kah- 
ane et al., 2002). Differentiated forms differ from chlamydial 
elementary bodies structurally in that they appear either as 
coccoid or slightly elongated with an electron-dense, eccentri- 
cally located nucleoid (Kahane et al., 2002). Replicating forms 
are more pleomorphic than their chlamydial counterparts 
and often appear elongated. Multiple Simkania inclusions are 
observed in each infected cell. The genome size of Simkania 
negevensis has been determined to be 1.7 Mbp. 


Pathogenesis. Although a direct causal relationship has 
not been demonstrated, Simkania negevensis has been serologi- 
cally associated with community-acquired pneumonia in adults 
(Lieberman et al., 1997), bronchiolitis in infants (Kahane et al., 
1998), and acute exacerbation of chronic obstructive pulmo- 
nary disease (Lieberman et al., 2002). The species is resistant to 
penicillin (Kahane et al., 1993). 


List of species of the genus Simkania 


1. Simkania negevensis Everett, Bush and Andersen 1999, 435.” 
ne.ge.ven'sis N.L. fem. adj. negevensis of or pertaining to the 
Negev Desert in Israel. 

The characteristics of the sole member of the genus and spe- 
cies are the same as that provided for the genus description. 


DNA G«C content (mol96): 42.5 (T. ). 
Type strain: Z, XTCC VR-1471. 
Sequence accession no. (16S rRNA gene): U68460. 


Genus Il. “Candidatus Fritschea” Everett, Thao, Horn, Dyszynski and Baumann 2005 


MattHiAs HORN 


Fri'tsche.a. N.L. fem. n. Fritschea named after Thomas R. Fritsche, an American physician and parasitolo- 
gist, in honor of his contributions to our current knowledge on chlamydial diversity. 


Coccoid to rod-shaped, nonmotile, obligately intracellular bac- 
teria, up to 2.5 um in length. Cells show a developmental cycle 
with morphologically distinct stages similar to those of the Chla- 
mydiaceae. Organisms were found in whitefly and scale insects, 
but have not yet been obtained in cell culture. The genus is 
based on the description of “Candidatus Fritschea bemisiae" 
and “Candidatus Fritschea eriococci" (Everett et al., 2005; Thao 
et al., 2003) (Figure 154). 

Type species: “Candidatus Fritschea bemisiae" Everett, Thao, 
Horn, Dyszynski and Baumann 2005, 1585. 


Further descriptive information 


Two distinct morphological forms, representing different 
developmental stages of * Candidatus Fritschea bemisiae", have 


been observed inside bacteriocytes of the whitefly Bemisia tabaci, 
which also contained gammaproteobacterial primary and sec- 
ondary symbionts (Costa et al., 1995). The intracellular niche 
of “Candidatus Fritschea bemisiae" has not yet been character- 
ized in much detail; it is currently unclear whether “Candidatus 
Fritschea bemisiae" thrives directly in the cytoplasm or within a 
host-derived vacuole. The proposed reticulate bodies are elon- 
gate (0.7-2.5 um in length and 0.7-0.8 um in width) with even, 
granular cytoplasm resembling the reticulate bodies of Chlamy- 
diaceae. Occasionally, filamentous structures can be seen in the 
cytoplasm of reticulate bodies. The second morphological stage 
is spherical, much smaller (0.2—0.25 um in diameter), and very 
electron-dense (Costa et al., 1995). No morphological data are 
available for “Candidatus Fritschea eriococci". 
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FAMILY VIII. WADDLIACEAE 


List of species of the genus Fritschea 


1. “Candidatus Fritschea bemisiae” Everett, Thao, Horn, Dyszynski 
and Baumann 2005, 1585. 


be.mi'si.ae. N.L. gen. fem. n. bemisiae of Bemisia, discovered 
in whitefly insects of the genus Bemisia. 


Not yet obtained in cell culture. The characteristics are the 
same as for the genus. “Candidatus Fritschea bemisiae” has 
so far only been found in the whitefly insect Bemisia tabaci 
(biotype A). “Candidatus Fritschea bemisiae” could not be 
detected in Bemisia tabaci biotypes B and Q (Chiel et al., 
2007). A 16.6 kb genome fragment of “Candidatus Fritschea 
bemisiae” has been sequenced, indicating a genomic G+C 
content of 40 mol% and encoding six proteins most simi- 
lar to proteins of Protochlamydia amoebophila and other chla- 
mydial species (Thao et al., 2003). The 23S rRNA gene of 
“Candidatus Fritschea bemisiae” contains a group I intron 
similar to the group I intron found in the 23S rRNA of 
Simkania negevensis. The oligonucleotide 5-GATGCTGTC- 
CTTTGCATTTC-?' should be suited for specific detection 
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of “Candidatus Fritschea bemisiae” by fluorescence in situ 
hybridization (Thao et al., 2003). 

Sequence accession no. (16.6 kb genome fragment including the 
rRNA operon): AY140910. 


2. “Candidatus Fritschea eriococci” Everett, Thao, Horn, Dyszynski 
and Baumann 2005, 1586 


e.ri.o.cocci. N.L. gen. masc. n. eriococci of Eriococcus, discov- 
ered in scale insects of the genus Eriococcus. 


Not yet obtained in cell culture; no morphological data 
available. The rRNA genes of “Candidatus Fritschea erio- 
cocci” have been identified in the scale insect Eriococcus 
spurious during a screening of a collection of insects for 
Fritschea species (Thao et al., 2003). The 16S rRNA shows 
97% sequence similarity with the 16S rRNA of “Candidatus 
Fritschea bemisiae". * Candidatus Fritschea eriococci" is so 
far the only member of the family Simkaniaceae that does 
not contain a group I intron in the 238 rRNA gene. 

Sequence accession no. (16S and 23S rRNA genes): AY140911. 
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Family VIII. Waddliaceae Rurangirwa, Dilbeck, Crawford, McGuire and McElwain 1999, 580"* 


THE EpiToRIAL BOARD 


Wadd'li.a'ce.ae. N.L fem. n. Waddlia the type genus of the family; -aceae ending to denote family; N.L. 


fem. pl. Waddliaceae the Waddlia family. 


The family Waddliaceae includes the sole genus, Waddlia (Ruran- 
girwa et al., 1999) which are obligately intracellular bacteria of 
cattle and possibly other animals. The organisms are classified 
based upon 16S rRNA gene phylogeny. 


DNA G+C content (mol % ): not available. 
Type genus: Waddlia Rurangirwa, Dilbeck, Crawford, McGuire 
and McElwain 1999, 580%. 


GENUS I. WADDLIA 
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Genus I. Waddlia Rurangirwa, Dilbeck, Crawford, McGuire and McElwain 1999, 580V* 


THE EprroniAL BOARD 


Wadd'li.a. N.L. fem. n. Waddlia arbitrary name derived from the abbreviation WADDL (Washington Animal 


Disease Diagnostic Laboratory). 


Obligate intracellular bacteria in animals. Cells of the type strain 
were isolated from aborted fetuses of cattle. 

DNA G+C content (mol % ): not available. 

Type species: Waddlia chondrophila Rurangirwa, Dilbeck, 
Crawford, McGuire and McElwain 1999, 580%. 


Further descriptive information 


Strains do not react with antisera from other species used for 
typing the chlamydiae or rickettsiae. The 16S rRNA genes are 
most closely related to that of the Chlamydiaceae because they 
exhibit 80-90% similarity to strains of that family. 


List of species of the genus Waddlia 


1. Waddlia chondrophila Rurangirwa, 
McGuire and McElwain 1999, 580V* 


chon.dro'phi.la. Gr. n. chondros clump; N.L. fem. adj. phila 
(from Gr. fem. adj. philé), friend, loving; N.L. fem. adj. chon- 
drophila liking clumps, in reference to the association of the 
bacterium with mitochondria (the noun mitochondria was 
coined in 1898 by the microbiologist Carl Benda, from Gr. 
mitos thread and Gr. chondrion little granule). 


Dilbeck, Crawford, 


Gram-stain-negative, coccoid bacteria 0.2-0.5 um in 
diameter which are obligately intracellular parasites of 
cattle. Waddlia chondrophila was isolated from the tissues of a 
bovine fetus, which was aborted in the first trimester. This 
organism's description is identical to that of “WSU 86-1044” 
that was reported by Dilbeck et al. (1990) and Kocan et al. 
(1990). The species includes only the type strain, WSU 


86-1044? (=ATCC VR 14707). The full-length 16S rRNA gene 
sequence is 15% different from that of Chlamydiaceae spe- 
cies. Furthermore, it is 12.8% different from Parachlamydia 
acanthamoebae and 15% different from Simkania negevensis 
thereby justifying its placement in a separate family of the 
Chlamydiales (Everett et al., 1999). 

Cells can be grown in bovine turbinate cells (BT) where 
they produce multiple cytoplasmic vacuoles. BT infection is 
terminated with tetracycline or chloroform treatment. Cells 
divide by binary transverse fission. Two developmental cell 
forms are produced. The dense cell form is infective. The 
reticulate cell type, usually associated with mitochondria, 
divides by binary transverse fission. 

DNA G+C content (mol % ): not available. 

Type strain: WSU 86-1044, ATCC VR-1470. 

Sequence accession no. (16S rRNA gene): AF042496. 


Other organism 


1. “Waddlia malaysiensis” 
ma.lay.si.en'sis. N.L. fem. adj. malaysiensis of or pertaining to 
Malaysia 
Although there are no other validly published spe- 
cies in the genus Waddlia, a strain obtained from bats 
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has been reported. Based upon 16S rRNA gene sequence 
analyses it is most closely related to Waddlia chondrophila. 
A new species was proposed for the bat parasites, “Wad- 
dlia malaysiensis”, but its name has not been validated 
(Chua et al., 2005). 
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Phylum XXV. Planctomycetes Garrity and Holt 2001, 
137 emend. Ward (this volume) 


Naomi L. WARD 


Planc.to.my.ce’tes. N.L. fem. pl. n. Planctomycetales type order of the phylum; -etes ending to 
denote a phylum; N.L. fem. pl. n. Planctomycetes the phylum of Planctomycetales. 


The phylum Planctomycetes was circumscribed for this volume on 
the basis of phylogenetic analysis of 16S rRNA gene sequences; 
the phylum contains the class Planctomycetia. 

Type order: Planctomycetales Schlesner and Stackebrandt 
1987, 179%? (Effective publication: Schlesner and Stackebrandt 
1986, 175.). 


References 


Garrity, G.M. and J.G. Holt. 2001. The Road Map to the Manual. In 
Bergey’s Manual of Systematic Bacteriology, 2nd edn, vol. 1, The 


Archaea and the Deeply Branching and Phototrophic Bacteria 
(edited by Boone, Castenholz and Garrity). Springer, New York, pp. 
119-166. 

Schlesner, H. and E. Stackebrandt. 1986. Assignment of the genera 
Planctomyces and Pirella to a new family Planctomycetaceae fam. nov. and 
description of the order Planctomycetales ord. nov. Syst. Appl. Micro- 
biol. 8: 174—176. 

Schlesner, H. and E. Stackebrandt. 1987. In Validation of the publi- 
cation of new names and new combinations previously effectively 
published outside the IJSB. List no. 23. Int. J. Syst. Bacteriol. 37: 
179-180. 


Class |. Planctomycetia class. nov. 


Naomi L. Warp 


Planc.to.my.ce.t'i.a. N.L. pl. n. Planctomycetales type order of the class; -ia ending to denote 
a class; N.L. pl. n. Planctomycetia the class of Planctomycetales. 


The class Planctomycetia was circumscribed for this volume 
on the basis of phylogenetic analysis of 16S rRNA gene 
sequences; the class contains the orders Planctomycetales and 
Brocadiales. 

Type order: Planctomycetales Schlesner and Stackebrandt 
1987, 179%? (Effective publication: Schlesner and Stackebrandt 
1986, 175.) emend. Ward (this volume). 
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Order |. Planctomycetales Schlesner and Stackebrandt 1987, 179’? (Effective publication: 
Schlesner and Stackebrandt 1986, 175) emend. Ward (this volume) 


Naomi L. Warp 


Planc.to.my.ce.ta'les. N.L. masc. n. Planctomyces, -etis type genus of the order; -ales ending 
to denote an order; N.L. fem. pl. n. Planctomycetales the order of Planctomyces. 


The description is the same as for the family Planctomycetaceae. 

Type genus: Planctomyces Gimesi 1924, 4". 

Taxonomic mote: the original description gave the family 
Planctomycetaceae as the nomenclatural type. The type is here 
corrected to the genus Planctomyces, in accordance with Opinion 
79 of the Judicial Commission of the International Committee 
on Systematics of Prokaryotes (2005). 
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FAMILY |. PLANCTOMYCETACEAE 


Family |. Planctomycetaceae Schlesner and Stackebrandt 1987, 179"* (Effective publication: 
Schlesner and Stackebrandt 1986, 175) emend. Ward (this volume) 


Naomi L. WARD 


Planc.to.my.ce.ta.ce'ae. N.L. masc. n. Planctomyces, -etis type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Planctomycetaceae the Planctomyces family. 


Gram-stain-negative bacteria observed in, or isolated from, 
marine, brackish, freshwater and groundwater habitats, as well 
as soil, peat bog, compost, manure, sewage sludge, and animal 
(prawn, sponge, coral, lice, termite, human colon) tissues. The 
occurrence of planctomycetes in high temperature, hypersa- 
line, acidic and alkaline environments has been reported. Some 
species reported to be associated with the occurrence of algal 
blooms. The use of 16S rRNA as a molecular marker has sug- 
gested that planctomycetes, like other previously obscure taxa 
such as the acidobacteria and verrucomicrobia, have a cosmo- 
politan distribution. 

Mature cell shape may be tear-drop to pear-shaped, spherical 
to ovoid, or bulbiform. One species (Jsosphaera pallida) is mul- 
ticellular and filamentous. Mature cells may have major multi- 
fibrillar (i.e., nonprosthecate) appendages described as stalks, 
spikes, spines, fimbriae, or bristles. Stalks may be encrusted with 
iron or manganese oxide deposits; the mechanism (active oxida- 
tion or passive deposition) has not been determined. Holdfasts 
may be present either at the distal end of the stalk or at the nar- 
row or pointed cell pole of mature cell. Formation of rosettes 
may occur. Crateriform structures and pili present either on 
reproductive pole of mature cell only, or scattered all over cell 
surface. 

Reproduction, where observed, is by budding. Buds may be 
motile by means of a monotrichous flagellum inserted either 
close to the reproductive pole or opposite at the subsequent 
attachment pole. With regard to shape and distribution of 
crateriform structures, buds resemble the mother cell. 

Relatively few strains have been obtained in pure culture, and 
the type species of the type genus has never been isolated. Most 
axenic cultures are aerobic or facultatively anaerobic chemo- 
heterotrophs, with carbohydrates serving as prime sources of 
carbon for growth. Growth temperature optimum 20-41*C. 

Cell envelope (in axenic cultures where analysis has been 
performed) lacks murein (peptidoglycan). Proteins, often rich 
in glutamate and cystine/cysteine, are the main cell envelope 
component. Main isoprenoid quinone is MK-6, a menaquinone, 
in species which have been analyzed. 

Cells may exhibit different types of compartmentalization, 
unusual in the prokaryotic domains, where the nucleoid and 
RNA are separated from the remainder of the cell inside a 
compartment designated the pirellulosome. This cell plan 
has recently been shown to be shared with members of the 
verrucomicrobia. 

Phylogenetic analysis by means of 16S rRNA and other molec- 
ular chronometers suggests that the planctomycetes form a 
monophyletic group only distantly related to other members of 
the domain Bacteria. This distance is supported by the absence of 
certain otherwise universal oligonucleotides in planctomycete 
16S rRNA genes. There is considerable evidence for a superphy- 
Ium relationship between the planctomycetes, chlamydiae, and 


verrucomicrobia; deeper relationships to other phyla are still 
unclear. Planctomycete 5S rRNA is shorter (109-111 nt) than 
the "minimal" length of 118 nt found in other prokaryotes, and 
uniquely lacks an insertion at position 66. Some species display 
unlinked organization of the rrn operon. 

DNA G+C content (mol 96): 50-64. 

Type genus: Planctomyces Gimesi 1924, 8°". 


Key to the genera of the family Planctomycetaceae 

available in pure culture 

1. Single ovoid to spherical cells or rosettes; stalks very com- 
mon; single polar flagellum; crateriform structures distrib- 
uted over entire cell surface or reproductive pole; pink to 
red pigmentation; no capsule; no growth at pH 5; growth at 
pH 8; no growth at 4°C; growth at 35°C. 
— Genus Planctomyces 


2. Single ellipsoid cells; stalks short and rarely observed; non- 
pigmented; capsule present; growth at pH 5; no growth at 
pH 8; growth at 4^C; no growth at 35°C. 

— Genus Schlesneria 


3. Single cells or rosettes; stalk absent; single polar flagellum; 
crateriform structures only on reproductive pole; single 
large pirellulosome; nonpigmented; limited tolerance for 
saline conditions; cells contain spermidine. 

— Genus Pirellula 


4. Single cells or rosettes; stalk absent; single large pirellu- 
losome; nonpigmented; requires high concentration. of 
sodium chloride and calcium. 

— Genus Blastopirellula 


5. Single cells or rosettes; stalk absent; single subpolar flagel- 
Ium; multiple smaller pirellulosome structures; pigmented; 
requires high concentration of sodium chloride and cal- 
cium; cells contain putrescine and cadaverine; possesses 
phosphatidylcholine. 

— Genus Rhodopirellula 


6. Multicellular, filamentous; stalk absent; no flagellum; motile 
by gliding; phototactic; forms gas vesicles; crateriform struc- 
tures distributed over entire cell surface; strictly aerobic; no 
growth at pH 4.5—5.5; no growth at 4°C; growth above 35°C; 
no Cg. fatty acids; pink pigmented. 

— Genus Isosphaera 

7. Single, paired, or shapeless aggregates of spherical cells; 
stalk absent; no gliding motility; not phototactic; aerobic or 
microaerophilic; growth at pH 4.5-5.5; growth at 4° C; no 
growth above 35°C; presence of C,, , fatty acids. 

— Genus Singulisphaera 


18:2 


8. Single spherical to ovoid cells; no rosettes; stalk absent; fla- 
gellum is polar bundle; crateriform structures distributed 
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over entire cell surface; evidence for a membrane-bounded 
nuclear body; sterol synthesis; no growth below pH 5.0. 
— Genus Gemmata 
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9. Single ellipsoidal cells or rosettes; stalk present; single polar 
flagellum; crateriform structures distributed over entire cell 
surface; no sterol synthesis; growth below pH 5.0. 

— Genus Zavarzinella 


Genus |. Planctomyces Gimesi 1924, 4^- 


Naomi L. WARD, JAMES T. STALEY AND JEAN M. SCHMIDT 


Planc.to.my'ces. Gr. adj. planktos wandering, floating; Gr. masc. n. mukés fungus; N.L. masc. n. Planctomyces 


floating fungus. 


Cells are spherical, ovoid, ellipsoidal, teardrop-shaped, or bulbi- 
form. Often relatively large (ignoring appendages and aggrega- 
tions, individual vegetative cells range up to 3.5 um in greatest 
dimension; immature buds smaller). Have at least one major 
multifibrillar (nonprosthecate) appendage (called a spike, spire, 
fascicle, bristle, or stalk) which does not always have the true 
stalk function of connecting the cell to a substratum. Divide by 
budding. A holdfast-which is not always an easily visualized, dis- 
crete structure-is often present at the distal end of an appendage 
or at one end of the cell. Often form homologous aggregations, 
rosettes or bouquets, by attachment at the holdfasts in natural 
habitats. Produce crateriform surface structures (surface pits 12 
nm in diameter, circumscribed by a grommet with a 30-36 nm 
outside diameter) and pili in characteristic patterns. Gram-stain- 
negative bacteria. Lack peptidoglycan. Resistant to B-lactam anti- 
biotics. Divide by budding. Some species have a dimorphic life 
cycle: a sessile mother cell buds; the bud develops into a swarmer 
that is motile by means of a flagellum (often ensheathed); after 
maturation, the swarmer loses its flagellum and becomes a ses- 
sile, budding mother cell. All cultivated species are aerobes or 
facultative anaerobes. Occur worldwide in both eutrophic and 
oligotrophic freshwaters, as well as in estuarine and marine hab- 
itats. Sometimes become encrusted with iron and manganese 
oxides. Often associated in nature with algae and cyanobacteria. 
Although several species have now been isolated in pure culture, 
the type species and various other rosette-forming species have 
not been cultivated axenically. Carbohydrates are reported to be 
the main carbon source for cultivated members of the genus, 
which are relatively slow-growing. 

DNA G+C content (mol % ): 50.5—57.7. 

Type species: Planctomyces bekefii Gimesi 1924, 4^ ( Blastocau- 
lis sphaerica Henrici and Johnson 1935, 84 (Hirsch 1972); mor- 
photype la of the Blastocaulis—Planctomyces group (Schmidt and 
Starr 1980b, 1981). 


Further descriptive information 


Phylogenetic treatment. The three described Planctomyces spe- 
cies for which 16S rRNA gene sequences are available (Plancto- 
myces brasiliensis, Planctomyces limnophilus, and Planctomyces maris) , 
as well as several undescribed species isolated by Heinz Schle- 
sner (Schlesner, 1994) form a phylogenetically coherent group 
that appears to share its most recent common ancestor with 
members of the genus Pirellula (Griepenburg et al., 1999; Ward 
et al., 1995). This relationship between the two genera is also 
reflected in analysis of the 23S rRNA gene (Ward et al., 2000), 
as well as that encoding the 70-kDa heat-shock protein HSP70 
(Ward-Rainey et al., 1996). In contrast, a recent analysis of ribo- 
nuclease P RNA (Butler and Fuerst, 2004) does not appear to 


support a closer relationship between Planctomyces and Pirellula 
than between either genus and the remaining cultivated planc- 
tomycete genera, /sosphaera, Rhodopirellula, Blastopirellula, and 
Gemmata. 


Cell morphology. Members of the genus Planctomyces rank 
among the most morphologically distinctive of the Bacteria, with 
relatively large cells (up to 3.5 um in greatest dimension) that 
assume a spherical, ovoid, ellipsoidal, teardrop-shaped, or bul- 
biform shape (Tables 169, 170). They exhibit a diversity of major 
multifibrillar non-prosthecate appendages, variously named 
spikes, spires, fascicles, bristles, and stalks. In some species, the 
appendage (stalk) connects the mature cell to its substratum via 
a holdfast structure, while in others the holdfast is located at the 
opposite pole of the cell. There are no reports of the stalk serv- 
ing a reproductive function as found in, for example, the genus 
Hyphomonas. Several species, including the uncultivated Plancto- 
myces bekefii, Planctomyces guttaeformis, and Planctomyces stranskae, 
form rosettes by adhering at the holdfasts, yielding a distinctive 
and visually appealing structure. Like other members of their 
family, Planctomyces species exhibit crateriform structures (sur- 
face pits 12 nm in diameter, circumscribed by a grommet with 
a 30-36-nm outside diameter) and pili on their cell surface; the 
distribution of these features can be diagnostic for the species. 


Cell-wall composition. The absence of peptidoglycan as the 
principal cell-wall structural compound is a distinguishing hall- 
mark of the planctomycetes (Giovannoni et al., 1987a; Konig 
et al., 1984; Liesack et al., 1986; Stackebrandt et al., 1986) and 
shared by all Planctomyces species for which cell-wall analysis has 
been performed. As is the case for other planctomycetes, the 
cell walls of Planctomyces species are proteinaceous, presumably 
strengthened by the disulfide bonds formed by large quantities 
of glutamate and cystine/cysteine residues (Liesack et al., 1986). 


Lipid composition. Like other planctomycetes, members 
of the genus Planctomyces contain the ester-linked polar lipids 
characteristic of the Bacteria (Kerger et al., 1988). Cellular fatty 
acids include palmitic, palmitoleic, and oleic acids, as well as 
18-carbon monounsaturated C, @9c and C,,, @llc fatty acids. 
Planctomyces strains tested possess hydroxy fatty acids of the 
3-hydroxyeicosanoic acid (C, , 3-OH) type, but lack 3-hydroxy- 
octadecanoic acid (C,,,, 3-OH) (Sittig and Schlesner, 1993), a 
fatty acid profile which can be used to distinguish them from 
members of the genus Pirellula. Phospholipid composition 
has been found to vary between groups of related Planctomyces 
strains (Sittig and Schlesner, 1993). 


Polyamine distribution. Griepenburg and coworkers 
(Griepenburg et al., 1999) demonstrated that polyamine dis- 
tribution is a useful chemotaxonomic marker at and below the 
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TABLE 170. Diagnostic characteristics of the species of the genus Planctomyces 


Characteristic P. bekefii P. brasiliensis P. guttaeformis P. limnophilus P. maris P. stranskae 
Cell diameter (um) 1.4-1.7 0.7-1.8 0.6-1.3 1.1-1.5 0.4-1.5 1.3-1.7 
Cell shape Spherical Spherical to Bulbiform Spherical to Spherical to Bulbiform 
ovoid ovoid ovoid 
Characteristic cellular Tubular stalk Stalk of loosely No stalk, Braided Braided, No stalk, 
appendage (s) twisted fibrils multifibrillar or twisted, multifibrillar multifibrillar 
spike at multifibrillar stalk (fascicle) bristles at 
globose end stalk (fascicle) globose end 
Distribution of Uniform Uniform Globose end Uniform Uniform Globose end 
crateriform of cell of cell 
structures 
Distribution of pili/ Uniform Uniform Globose Uniform Uniform Uncertain 
fimbrae (adult cell) end of cell 
Morphotype sensu Ia Ma Va Ma IIIb Vb 
Schmidt and Starr 
Source/habitat Eutrophic, Salt pit Eutrophic, Freshwater lake Marine Eutrophic, 
aquatic, slightly aquatic aquatic 
alkaline 


species level. Planctomyces limnophilus and related strains differ 
from other planctomycetes tested in containing large amounts 
of putrescine, rather than spermidine and sym-homospermi- 
dine, as the dominant polyamine component. 


Fine structure. Planctomyces maris exhibits the cellular com- 
partmentalization described as characteristic for members of 
the genus Pirellula, namely the presence of a single membrane 
which divides the cell into the pirellulosome (containing the 
nucleoid and most of the RNA) and the paryphoplasm or polar 
cap region (Lindsay et al., 1997). 


Life cycle. All species available in pure culture have a 
dimorphic life cycle, characterized by a budding mode of 
reproduction in which the cell envelope of the daughter bud is 
formed de novo (Staley, 1973; Tekniepe et al., 1981). The result- 
ing daughter cells are motile, by means of a polar to subpolar 
flagellum, and initially lack stalks. Stalks eventually form during 
maturation of the daughter cell into its sessile adult form. 


Nutrition and growth conditions. Carbohydrates are reported 
to be the main carbon source for cultivated members of the 
genus (Tables 169, 170), but Planctomyces limnophilus can also 
use gelatin, while Planctomyces brasiliensis utilizes both gelatin and 
starch (Hirsch and Müller, 1985; Schlesner, 1989). The use of 
selective carbon and nitrogen sources, e.g., Macetylglucosamine, 
proved very successful for the isolation and maintenance of a 
large group of novel isolates (Schlesner, 1994). 

Some species, e.g., Planctomyces maris, are obligate aerobes, 
while Planctomyces limnophilus and Planctomyces brasiliensis 
are facultative anaerobes, in the sense that they can ferment 
carbohydrates. As a group, planctomycete species are relatively 
slow-growing; the shortest recorded generation time is 18 h for 
Planctomyces maris (Bauld and Staley, 1976). 


Metabolism and metabolic pathways. There have been virtu- 
ally no studies of Planctomyces metabolism beyond the physiologi- 
cal information garnered for the purpose of species description. 


Genetics. There is a limited amount of available informa- 
tion on genome organization in Planctomyces limnophilus (Ward- 
Rainey, 1996) which suggests a single circular molecule of 
approximately 5.2 Megabases. The same study confirmed the 
unlinked rrn (rRNA) operon organization reported by Menke 


and coworkers (Menke et al., 1991) and revealed duplicate 
copies of several housekeeping genes. Other genetic stud- 
ies of Planctomyces species are few and far between: Leary and 
coworkers (Leary et al., 1998) cloned the rpoN gene, encoding 
alternative sigma factor 6°, from Planctomyces limnophilus and 
demonstrated complementation in a Salmonella typhimurium 
mutant. The presence of this alternative sigma factor, involved 
in diverse metabolic functions such as nitrogen fixation, hydro- 
gen metabolism, and degradation of aromatic compounds 
(Kustu et al., 1989), could catalyze future studies of genetic con- 
trol mechanisms in planctomycetes. The introduction of for- 
eign genes into Planctomyces maris from Pseudomonas putida has 
been accomplished (Dahlberg et al., 1998) but establishment of 
genetic systems for other planctomycetes lies in the future. 


Bacteriophages and plasmids. There are only two reports 
of the presence of bacteriophages in Planctomyces species 
(Gliesche, 1980; Majewski, 1985) which describe the tailed bac- 
teriophage PI-89 from the type strain of Planctomyces limnophi- 
lus as a member of the family Styloviridae morphogroup Bl. 
The presence of plasmids in the type strain of Planctomyces lim- 
nophilus is suggested by the observation of a discrete band of 
high mobility when undigested chromosomal DNA from these 
strains is subjected to electrophoresis (Ward-Rainey, 1996). 


Antibiotic sensitivity. As might be expected from the 
composition of the cell wall, there is a corresponding resistance 
of cultivated Planctomyces species (and species not yet available 
in pure culture for which enrichments have been obtained) to 
antibiotics targeting the synthesis of peptidoglycan, including 
both B-lactams and non-f-lactams such as p-cycloserine (Konig 
et al., 1984; Schmidt and Starr, 1982). B-Lactamase activity was 
tested and found to be absent in Planctomyces maris (as well as 
Pirellula marina) (Claus et al., 2000). 


Ecology. Planctomyces species, like planctomycetes in gen- 
eral, are now known to be remarkably ubiquitous in their distri- 
bution, being found in freshwater and marine habitats, as well 
as non-aquatic environments such as soil and sewage sludge. 
Reported geographic locations include European, Asian, North 
American, South American, and Australian sites. Much of our 
knowledge of this wide distribution has arisen from molecular 
microbial ecology studies utilizing 16S rRNA as a marker gene, 
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but also from a handful of studies (Fuerst et al., 1991; Schlesner, 
1994) in which novel isolation methodologies were applied. 
Planctomyces species have been observed in environments in 
all trophic states, with some reports of higher numbers occur- 
ring in association with eutrophic and polluted waters; other 
reports (Staley et al., 1980) indicated that the ratio of plancto- 
mycetes to total heterotrophs is independent of trophic state. 
In any case, algal or cyanobacterial blooms (often a response to 
eutrophication) are sometimes followed by increases in num- 
bers of the rosette-forming planctomycetes (Planctomyces bekefii, 
Planctomyces guttaeformis, Planctomyces stranskae) (Granberg, 
1969), perhaps due to the hydrogen sulfide and increased iron 
and manganese concentrations resulting from phytoplankton 
decomposition (Kristiansen, 1971). Many rosette-forming spe- 
cies have been reported to accumulate iron and/or manga- 
nese on the stalk surface (Schmidt and Starr, 1981, 1982); the 
mechanism by which these deposits are acquired (passive accu- 
mulation vs. active oxidation) is not known. Associations with 
invertebrates have also been reported; some isolates obtained 
from the giant tiger prawn Penaeus monodon are related to mem- 
bers of the genus Planctomyces (Fuerst et al., 1997), with the clos- 
est phylogenetic relationship to Planctomyces brasiliensis. 

The ecological role of Planctomyces species is poorly under- 
stood, despite their ubiquity, in large part due to the paucity 
of isolates available in pure culture and the limited scope 
of physiological research into these strains. Most of the available 
physiological data were acquired for the purpose of taxonomic 
description. All available cultured members of the genus are 
chemoheterotrophs, with carbohydrates serving as the major 
carbon source. 


Taxonomic comments 


The genus Planctomyces Gimesi 1924 was originally established to 
accommodate the peculiar aquatic “fungus” observed by Gimesi 
(1924) in a pond (Lake Lagymanyos) in Budapest, Hungary. 
Gimesi’s organism, named by him Planctomyces bekefii, has been 
reported many times from all over the world (Fott and Komarek, 
1960; Heynig, 1961; Hortobagyi, 1965, 1968; Kristiansen, 1971; 
Olah and Hajdu, 1973; Parra, 1972; Schmidt and Starr, 1978; 
Teiling, 1942; Tell, 1975; Wawrik, 1952; Zavarzin, 1961). 

The notion that this organism was a fungus persisted during 
the next half century; in fact, several additional species were 
assigned to this “fungal” genus Planctomyces (Hortobagyi, 1965; 
Skuja, 1964; Wawrik, 1952). This situation was not altered until 
Hirsch (1972) reported that a freshwater bacterium, described 
under the name “Blastocaulis sphaerica” (Henrici and Johnson, 
1935), was identical with Planctomyces bekefi. Examination of 
material from the type localities of both organisms (Schmidt 
and Starr, 1979b) has provided conclusive evidence that the 
two organisms are indeed indistinguishable and that both are 
bacterial rather than fungal. Thus, a bacterial genus (“Blastocau- 
lis’ Henrici and Johnson 1935) has the dubious distinction of 
being an exact later synonym of a group which had, for some 
50 years, been considered to be a “fungal” genus (Planctomyces 
Gimesi 1924). 

Neither the type species (Planctomyces bekefii) nor several other 
species have ever been cultivated axenically, making it difficult 
to establish the limits of the genus Planctomyces solely on the basis 
of the cultivated members. Because of this taxonomic uncer- 
tainty, this rather heterogeneous assemblage has been treated 
in the past as morphotypes of the Blastocaulis-Planctomyces group 
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(Schmidt, 1978; Schmidt et al., 1981). It has been pointed out 
(Starr and Schmidt, 1989) that some organisms comprising 
the genus Planctomyces most likely do not fit within the bound- 
aries of a single well-conceived bacterial genus. However, the 
paucity and fragmentary nature of existing knowledge about 
these bacteria, including unavailability of axenic cultures of the 
type species of the genus Planctomyces (as well as of other key 
organisms), presently precludes precise delineation of alterna- 
tive genera. Hence, as in the previous edition of the Manual 
(Starr and Schmidt, 1989), all validly published members of this 
group are formally classified here as species of the genus Planc- 
tomyces, within a framework of the vernacular morphotype des- 
ignations. Where later synonyms have been published, they are 
referenced here, although good definitive comparative studies 
are often lacking. Due to the fact that the available phenotypic 
information differs greatly for cultivated and non-cultivated 
species, we have presented comprehensive information on all 
species in Table 169, diagnostic information pertinent to all 
species in Table 170, and diagnostic information relevant only 
to cultivated species in Table 171. 


Enrichment and isolation procedures 


Of the five morphotypes originally described by Schmidt and 
Starr (1978, 1979a, b, 1981), only representatives of morpho- 
types III and IV have been isolated in axenic culture. Although 
they have not yet been isolated axenically, morphotypes I, II, 
and V have been substantially enriched in the laboratory. 


Enrichment and axenic isolation of morphotypes III and IV. 
Morphotypes III and IV can be enriched (Schmidt, 1978; 
Schmidt and Starr, 1978, 1981) by adding a small amount of 
peptone (0.001—0.00596) to freshwater samples placed in bea- 
kers covered with clear plastic wrap and held for several days 
or weeks at room temperature (24—28*C). These budding and 
appendaged bacteria occur in the surface film, often closely 
associated with green algae and cyanobacteria. Exposure of the 
enrichment beakers to ambient light is usually accompanied by 
development of algae and cyanobacteria. Enrichment of mor- 
photypes III and IV is improved by the presence of these pho- 
totrophs and, consequently, by incubation of the samples in the 
light rather than in the dark. Microscopic examination of the 
samples is done on a weekly basis by brief contact of a small 
coverslip with the surface film in the beaker; these prepara- 
tions are then observed by phase-contrast microscopy, looking 
for ellipsoidal, ovoid, or spherical budding bacteria possessing 
a very thin, nonprosthecate major appendage. The append- 
age may be difficult to visualize by light microscopy, and it may 
be desirable to touch electron microscope grids to promising 
surface films and, after negative staining, examine these in the 
transmission electron microscope. Enrichment cultures con- 
taining such organisms in their surface films are suitable candi- 
dates for streaking on solid media as described below. 

The water agar-coverslip technique (Hirsch et al., 1977) is 
another useful method for enrichment and isolation of mor- 
photypes III and IV. Relatively nutrient-poor water samples are 
solidified with 1.8-2.0% agar without any additions (“water 
agar"); a layer 0.5-0.75 cm deep is placed in the bottom of a 
Petri dish 20 cm in diameter. In addition, coverslips are coated 
with the same water agar. Several such coated coverslips, as well 
as several uncoated ones, are inserted perpendicularly into the 
solidified layer of agar in the Petri dish. The water sample pro- 
viding the inoculum is then added in a volume that almost fills 
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FAMILY |. PLANCTOMYCETACEAE 


TABLE 171. Diagnostic characteristics of the cultivated species of the genus Planctomyces* 


P. limnophilus? P. maris 


Characteristic P. brasiliensis 
Colony surface Rough, dry 
Colony color Yellow to ochre 
Salinity growth range (%, w/v) 0.7-10.0 
Temperature growth optimum (°C) 27-35 
DNA G+C content (mol%) 55.5-57.7 
Genome size (x 10° Da)* 2.81 
p-Ribose + 
Ethanol = 
Methanol - 
Glucuronate * 
Lactate - 
Starch hydrolysis * 
Presence of fatty acid C,,, * 


Smooth, glistening Smooth, glistening 


Red White/cream/ colorless 
«1.0 1.5-4.0 
30-32 30—33 
53.2-54.4 50.5-52.0 
2.67 3.62 
+ = 
+ = 
_ + 
_ + 


“Symbols: +, >85% positive; —, 0-15% positive. 


"Some carbon sources listed as positive tested positive at concentrations below 0.1%. 


‘Data from Kólbel-Boelke et al. (1985). 


the Petri dish, leaving only the top 2-3 mm of the coverslips not 
submerged. The dishes are incubated at room temperatures 
under ambient light to encourage development of phototro- 
phs which, in turn, seem to enhance development of these bud- 
ding bacteria. The coverslips that were not coated with water 
agar are monitored weekly or even more often, by examining 
them with a phase-contrast microscope for the occurrence of 
attached budding bacteria. When such bacteria are present, the 
agar-coated coverslips provide the inoculum for preparation of 
streak or dilution-spread plates. The locations at which the bud- 
ding bacteria were observed microscopically to occur on the 
uncoated coverslips is used as a guide in selecting the regions 
of the agar-coated coverslips to be plated. 


Isolation media. The media used for isolation of morpho- 
types III and IV are typically low in nutrients. Often the natu- 
ral water sample itself, with 1.5-1.8% agar added, is suitable. 
Staley's (Staley, 19813) MMB agar (0.15% peptone, 0.015% 
yeast extract, 0.1% glucose, 0.025% ammonium sulfate, 1.0% 
vitamin solution, 1-2% Hutner’s vitamin-free mineral base, 
1.5% agar, and distilled water) also is useful. A number of 
strains have been isolated by using Schmidt’s (Schmidt, 1978) 
medium I (0.02% peptone, 0.01% yeast extract, 0.1% filter- 
sterilized glucose, 1.0% Hutner’s vitamin-free mineral base, 
1.0-1.5% agar, and distilled water) and Staley’s (Staley, 1981b) 
PYG medium (0.025% peptone, 0.025% yeast extract, 0.025% 
glucose, 2.0% Hutner’s vitamin-free mineral base, 1.0% vitamin 
solution, 1.5% agar, and distilled water or artificial sea water). 
Media with higher concentrations of organic nutrients may also 
be employed. Sometimes, isolations are facilitated by additions 
of 5 mM MgSO, 0.005 M Trizma buffer (pH 7.5-7.9; Sigma), 
and/or NaCl or artificial sea water (the latter is particularly 
desirable for isolations from brackish or marine sources). Use 
of solidifying agents other than agar may improve the chances 
of securing axenic cultures. 

Direct streaking and spreading of diluted material are the 
most effective of the various routines used for inoculating the 
primary isolation plates. Morphotypes III and IV grow rather 
slowly in culture. Plates must be incubated for 2-5 weeks at 
room temperature; hence, precautions must be taken to avoid 
desiccation of the medium, such as sealing the Petri dishes with 
Parafilm or using plastic bags or boxes. Colonies are very small, 


rather inconspicuous, usually quite adherent or cohesive, and 
white or pigmented (pink or light brown). Patch plates, pre- 
pared with the same medium used for the primary isolation, 
may then be used to produce enough material for microscopic 
examination and restreaking. 


Enrichment of morphotype Ia. The enrichment of mor- 
photype Ia, Planctomyces bekefii, the type species of the genus 
Planctomyces, has been facilitated by taking advantage of the 
considerable resistance of all members of this group to anti- 
biotics which, in other bacteria, affect peptidoglycan integrity. 
Addition of a B-lactam antibiotic such as ampicillin (about 250 
ug/ml) to pond water samples containing detectable but low 
amounts (1-5 x 10*/ml) of morphotype la rosettes results, within 
3 d, in a 5-6-fold increase in the number of rosettes as deter- 
mined by direct microscopic counts. This increase may have 
resulted from (a) release of nutrients or growth factors from 
other bacteria lysed by action of the antibiotic or (b) inhibition 
by the antibiotic of organisms antagonistic to the development 
of Planctomyces bekefii rosettes. The effect of B-lactam antibiotics 
appears to be dependent upon the types and numbers of other 
microbes present in the water samples. Many workers, including 
phycologists and limnologists, have reported that occurrence 
of planktonic morphotype Ia often coincides with occurrence 
of various algae and cyanobacteria. The dominant algae and 
cyanobacteria present during and immediately preceding 
Planctomyces bekefii blooms in natural aquatic environments may 
be useful as “helpers” to enhance growth of Planctomyces bekefii 
in co-cultivation trials in the laboratory. Axenic cultivation of 
Planctomyces bekefii (morphotype Ia), the type species of the 
genus Planctomyces, and the closely related “Planctomyces crassus" 
(morphotype Ib) remains a challenge. Some success has been 
achieved in enriching co-cultures of Planctomyces bekefii using 
dilute peptone media. The accompanying Gram-stain-negative 
bacterium could be purified but purification of Planctomyces 
bekefii using spent medium of the accompanying bacterium was 
unsuccessful ( J. T. Staley, personal communication). 

Enrichment of morphotype II. Morphotype II, an ovoid 
budding organism with a long multifibrillar stalk, occurs indi- 
vidually and in clusters (*bouquets") in pond water enrichments 
to which 0.001-0.005% peptone has been added. The pond 
waters in which this relatively uncommon organism occurs are 


GENUS I. PLANCTOMYCES 


typically eutrophic. About 1 or 2 weeks after peptone is added 
to pond waters of this sort, these morphotype II organisms are 
found in the surface films. They have not been isolated axeni- 
cally, nor have they been cultivated on any solid medium. 


Attempted enrichment of morphotype V.  Planctomyces gut- 
taeformis (morphotype Va) and Planctomyces stranskae (mor- 
photype Vb) are planktonic bacteria bulbiform in shape and 
characteristically occurring in multicellular rosettes in pond or 
lake waters where they accompany algal and/or cyanobacterial 
blooms. They seem not to be inhibited by addition of ampicil- 
lin (250 ug/ml); neither do they seem to be enriched by the 
presence of this antibiotic, as is Planctomyces bekefii. Additions of 
various organic nutrients (e.g., peptones, amino acid mixtures, 
individual amino acids, vitamin mixtures, and/or individual 
vitamins) to pond water samples containing easily detectable 
numbers of morphotype V have not provided any clue to spe- 
cific enrichment conditions for these bacteria. Their natural 
aquatic habitats usually have a distinctly eutrophic character, 
and the number of rosettes of these bacteria often increases 
significantly (4—5-fold) in such water samples held in the col- 
lection bottle for a week or so in the laboratory without any 
additions (e.g., antibiotics, preservatives, or possible nutrients). 
No representative of morphotype V has been observed to grow 
on any solid medium. 


Maintenance procedures 


The existing axenic cultures, all belonging to morphotypes III 
and IV, have successfully been preserved by lyophilization of cell 
suspensions in skim milk. Addition of 10% (v/v) glycerol to liq- 
uid cultures of morphotypes III and IV, followed by freezing and 
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storage at —70°C, has satisfactorily preserved these strains for sev- 
eral months. 
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Differentiation of species of the genus Planctomyces 


The species of Planctomyces can be differentiated from one 
another by the features listed in Table 169. 


List of species of the genus Planctomyces 


1. Planctomyces bekefii Gimesi 1924, 4^ ( Blastocaulis sphaerica 
Henrici and Johnson 1935, 84 Hirsch 1972); morphotype 
la of the Blastocaulis-Planctomyces group (Schmidt and Starr 
1980b, 1981) 


be.ke'fiu. N.L. gen. masc. n. bekefii of Békefi, named for 
Remigius Békefi (1858-1924), cultural historian, university 
professor, and abbot of the Hungarian Cistercian Order. 


Gram-stain-negative, budding bacteria. Cellular shape 
is spherical. Mature cells are 1.4-1.7 um in diameter. Each 
mature cell has a tubular, nonprosthecate stalk (Figure 163) 
0.25-0.35 um wide and varying in length from very short («0.2 
um) to several micrometers. The tubular stalk is comprised of 
a regular array (Figure 163) of longitudinally aligned micro- 
tubules (12-13 nm in diameter) enmeshed in an osmophilic 
matrix (Figure 163). The distal end of each stalk is charac- 
teristically attached to several other distal stalk tips to form 
multicellular homologous rosettes (Figure 163), however, 
no distinctive or obvious holdfast structure can be discerned 
at the junction. Crateriform surface structures (Figure 163) 
are uniformly distributed over the entire cell. Numerous 
cephalotrichous, tapering, multifibrillar spires (Figure 163) 
emanate from the hemisphere of the cell opposite the site of 
attachment of the stalk. Pili are present over the entire cell. 

Nonmotile. Divide by budding from a site precisely 
opposite to the pole from which the stalk originates. The 


nonstalked and nonmotile daughter cells, after they are 
released from the mother cell, may associate with the center 
of the originating or another rosette and subsequently form 
a stalk, thus resulting in an increased number of stalked cells 
in a rosette. Stalks may be encrusted with manganese and/or 
iron oxides (Schmidt et al., 1982). Resistant to B-lactam anti- 
biotics. Rosettes are planktonic, occurring in eutrophic fresh- 
water lakes, ponds, and reservoirs, typically with waters of a 
slightly alkaline pH. Occurrence usually is concomitant with 
or subsequent to blooms of various algae and cyanobacteria, 
especially during the late summer in temperate climates. 
Mesophilic. Worldwide in distribution. Complete life cycle is 
unknown, however, nonstalked budding bacteria with mor- 
phological and ultrastructural features (shape, size, occur- 
rence and distribution of crateriform surface structures and 
spires, distinctive cell envelopes) identical to those of Planc- 
tomyces bekefii occur in clusters in the same aquatic samples. 
Although the relationship of these nonstalked forms to Planc- 
tomyces bekefti has not yet been demonstrated conclusively, the 
circumstantial evidence is strong that they may be immature 
(ie., nonstalked) forms of Planctomyces behefü. Planctomyces 
bekefii has not been cultivated axenically; hence, archival 
(Gimesi, 1924) and modern (Schmidt and Starr, 1980a, b) 
descriptive type material from the type locality, a pond in the 
Lágymányos district of Budapest, Hungary, must suffice in 
place of a type culture. 


FAMILY I. PLANCTOMYCETACEAE 


FIGURE 163. Morphotype I of the Blastocaulis—Planctomyces group. 
(a) Morphotype Ia (Planctomyces bekefii) from the eutrophic man-made 
pond at The Lakes, Tempe, Arizona, USA; rosette with several budding 
cells. 1.0% uranyl acetate; x3960. (b) Budding cell of morphotype Ia 
(Planctomyces bekefii) from Lake Mendota, Madison, Wisconsin, USA. 
Note bud, spires, crateriform surface structures, and stalk substructure 
showing parallel fibrils. 1.0% uranyl acetate; x40,135. (c) Thin section 
of cell of morphotype Ia (Planctomyces bekefii) from the pond at The 
Lakes, Tempe, Arizona, showing a tangential section of the tubular stalk 
as well as a separate transverse section (arrow) of another stalk. Fixed 
by the acroleinglutaraldehyde procedure of Burdett and Murray (1974) 
(see also Schmidt and Starr, 1980a); x36,000. (d) Rosette of morpho- 
type Ib “Planctomyces crassus” in a sample from the railroad-bridge pond, 
Budapest, Hungary, showing heavy metallic oxide encrustation of its 
stalks (Schmidt and Starr, 1981). 1.0% uranyl acetate; x15,000. Bars = 
1.0 um. 


No species belonging to morphotype II has been validly 
published, nor has the axenic cultivation of any strain been 
reported, although substantial laboratory enrichment has 
been achieved (Schmidt and Starr, 1979a). The unmistakable 
arrangement into a bouquet of several stalked cells of a typi- 
cal representative of morphotype II, as sketched by Henrici 
and Johnson (1935), is reproduced here in Figure 164. 
This organism was referred to as “Blastocaulis sp.” by these 
authors, with the remark that “specific names are withheld 
until further studies have been completed” (Henrici and 
Johnson, 1935). Unfortunately, no further publication about 
this organism by these authors seems to have appeared. 

DNA G«C content (mol % ): not determined. 


he 


FIGURE 164. Morphotype II of the Blastocaulis-Planctomyces group. 
(a) Several morphotype II cells, some with buds, arranged in a typi- 
cal bouquet, from a dilute peptone enrichment of water from a lake 
near Hesteskodam, Hillerød, Denmark. These organisms can be found 
in the surface film or pellicle of such enrichments. x1900. (b) Draw- 
ing of “Blastocaulis sp.” (Henrici and Johnson, 1935). x1900. (c) Two 
morphotype II organisms, one with a bud and each with a long major 
appendage (a stalk) terminating in a holdfast (one holdfast is attached 
to detritus). Several cephalotrichous flagella and numerous crateriform 
surface structures are found on the budding (nonstalked) hemisphere. 
Dilute peptone enrichment of water sample from a highly eutrophic 
pond at the sewage works in Strandfontein, Republic of South Africa. 
1.0% uranyl acetate; x11,200. (d) A budding cell of morphotype II 
with crateriform surface structures everted as cornicula, as they often 
do when stained with 1.096 uranyl acetate (Schmidt and Starr, 1979b); 
pili, several flagella, and the major appendage (a stalk) are evident. 
Dilute peptone enrichment of water sample from an ornamental foun- 
tain, University of the Witwatersrand, Johannesburg, Republic of South 
Africa. 1.0% uranyl acetate; x51,300. Bars = 5.0 um for (a) and (b) and 
1.0 um for (c) and (d). 
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Type strain: description, not isolated in axenic culture. 
Sequence accession no. (16S rRNA gene): not determined. 


2. Planctomyces brasiliensis Schlesner 1990, 105” (Effective 


publication: Schlesner 1989, 161.) 


bra.si.li.en'sis. N.L. masc. adj. brasiliensis pertaining to the 
country of Brazil. 


Cells are spherical to ovoid, with a diameter of 0.7-1.8 um. 
Colonies have a dry and rough surface and a yellow to ochre 
pigmentation. Growth is optimal between 27 and 35*C, the 
maximum temperature is less than 38°C. Nitrate is reduced 
to nitrite under anaerobic conditions. Carbon sources uti- 
lized are: p-cellobiose, D(+)-galactose, D(+)-glucose, maltose, 
p(+)-mannose, melibiose, rhamnose, ribose, trehalose, 
Nacetylglucosamine, and glucuronate. Carbon sources not 
utilized: D(-)-fructose, p-fucose, D(—)-lyxose, a-b-melezitose, 
raffinose, L(—)-sorbose, D(+)-xylose, methanol, ethanol, glyc- 
erol, D(—)-mannitol, p (-)-sorbitol, acetate, fumarate, lactate, 
malate, pyruvate, succinate, L-glutamic acid, r-glutamine, 
L-serine, amygdalin, gluconate, and creatinine. Ammonia, 
nitrate, and Nacetylglucosamine are utilized as a nitrogen 
source; urea is not utilized. Gelatin and starch are hydro- 
lyzed; DNA and Tween 80 are not. Catalase, cytochrome oxi- 
dase, and H,S are produced. The molecular mass of genomic 
DNA (strain 14487) is 2.81 x 10? Da. 

DNA G+C content (mol96): 55.1-57.7 (T). 

Type strain: ATCC 49424, DSM 5305, IFAM 1448, JCM 
21570, NBRC 103401. 

Sequence accession no. (16S rRNA gene): AJ231190, X81949, 
X85247. 


. Planctomyces guttaeformis (ex Hortobágyi 1965) Starr and 
Schmidt 1984, 473’? [Planctomyces guttaeformis Hortobágyi 
1965, 111 emend. Hajdú (Hortobágyi and Hajdú 1984) ]; 
morphotype Va of the  Blastocaulis-Planctomyces group 
(Schmidt and Starr 1979a; Starr and Schmidt 1984) 


gut.ta.e.for’mis. L. n. gutta, -ae a drop; L. gen. n. guttae of a 
drop; L. suff. -formis in the form or shape of; N.L. masc. adj. 
gultaeformis drop-shaped. 


Gram-stain-negative, budding bacteria. Mature cells are 
relatively large (2.9-3.0 um in length, 1.15-1.3 um for the 
diameter of the globose end, and 0.6-0.7 um for the diam- 
eter of the cylindrical end). Bulbiform (bulb-shaped; in this 
case, a cylinder blending into a spherical terminal dilata- 
tion; shaped like a common screw-in incandescent lamp). 
A prominent multifibrillar appendage, a spike (Figure 
165), extends from the globose end of the cell. Division is 
by budding, with a mirror-image bud (Figure 165) formed 
at the globose end of the cell; the bud is often slightly off 
center with respect to the longitudinal axis of the mother 
cell, whereas the spike is usually exactly polar. Numerous 
crateriform surface structures and fine pili occur on the glo- 
bose end of the cell (Figure 165). Fine structure is that of a 
typical bacterium except for the rather thin cell envelope, 
the spike and its basal attachment site, and the crateriform 
surface structures. Cells are resistant to B-lactam antibiot- 
ics. Occur in rosettes (Figure 165) consisting of as many as 
a dozen cells attached via holdfasts located at the narrower 
ends of the several cells. Neither motility nor flagella have 
been observed. Common in eutrophic aquatic habitats, usu- 
ally accompanying phototrophs (algae and cyanobacteria). 


Species has not been cultivated axenically, though blooms 
occur in laboratory enrichments. Descriptive type material 
in Starr and Schmidt (1984). The type locality is a eutro- 
phic man-made pond in a residential district (The Lakes) 
in Tempe, Arizona, USA. Frequently confused with Plancto- 
myces stranskae, from which it can readily be distinguished on 
the basis of the characteristic cellular sizes and shapes, the 
presence of a multifibrillar spike in Planctomyces guttaeformis 
and its absence in Planctomyces stranskae, and the presence of 
numerous multifibrillar bristles in Planctomyces stranskae and 
their absence in Planctomyces guttaeformis. 

DNA G+C content (mol96): not determined. 

Type strain: description, not isolated in axenic culture. 

Sequence accession no. (168 rRNA gene): not determined. 


. Planctomyces limnophilus Hirsch and Müller 1986, 355"" 


(Effective publication: Hirsch and Müller 1985, 278.) (This 
taxon is based on two red-pigmented strains belonging to 
morphotype IIIA of the Blastocaulis-Planctomyces group; 
Schmidt and Starr, 1981. Synonymy is unclear, since direct 
comparisons of Planctomyces limnophilus with nonpigmented 
morphotype Illa strains or with the earlier published Gem- 
mata obscuriglobus Franzmann and Skerman (1984), a repre- 
sentative of morphotype IIIc of this group, seem not to have 
been made.) 


lim.no'phi.lus. Gr. n. /imnos lake; Gr. masc. adj. philos loving; 
N.L. masc. adj. limnophilus lake-loving. 


Gram-stain-negative, budding bacteria. Mature cells are 
spherical to ellipsoidal, 1.1-1.5 um in diameter. Numerous cra- 
teriform structures and pili occur on the cell surface. Mature 
cells have a braided or twisted, multifibrillar, nonprosthecate 
stalk (a fascicle) extending from a pole exactly opposite the 
budding pole; the noncellular end of the fascicle serves as a 
“holdfast” device. Multiplication is by budding on the pole 
of the cell distal to the fascicle. Daughter cells are monotric- 
hously and polarly or subpolarly flagellated; the flagellum is 
attached at or near the pole from which the stalk originates. 
Nonacidfast; colonies red; do not form endospores. 

Temperature range: 17-39°C; optimum: 30-32°C. NaCl 
tolerance: «196 (w/v). pH tolerance: 6.2-8.0; pH optimum: 
6.2-7.0. 

The following substances are utilized as carbon sources 
(0.1% (w/v)): D-glucose, D-galactose, maltose, cellobiose, 
and Macetylglucosamine. The following substances are not 
utilized as carbon sources (0.1% (w/v) except where differ- 
ent concentrations are noted): glucuronic acid, D-fructose, 
D-ribose, mannitol, starch, dextrin, inulin, salicin, pyruvate, 
citrate, a-oxoglutarate, succinate, fumarate, malate, for- 
mamide, methylamine hydrochloride (0.136%), formate 
(0.136%), urea (0.09%), methane (0.5%), methanol (0.4%), 
ethanol (0.4%), lactate, acetate, propionate, tartrate, glu- 
tarate, caproate, phthalate, glycerol (0.186%), L-arginine, 
L-aspartate, DL-alanine, r-glutamate, r-glycine, L-histidine, 
t-leucine, DL-phenylalanine, L-proline and L-serine. No aer- 
obic acid formation from D-glucose, sucrose, D-fructose, 
maltose, D-galactose, or mannitol. Anaerobic acid formation 
from p-glucose, sucrose, maltose, or galactose; no anaerobic 
acid formation from D-fructose or mannitol. No anaerobic 
gas formation in the Hugh-Leifson tests. 

The following substances are utilized as nitrogen sources at 
0.1% (w/v) except where a different concentration is noted: 
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FIGURE 165. Morphotype V of the Blastocaulis-Planctomyces group. (a) Stained (Kodaka et al., 1982) preparation of a rosette of morphotype Va 
(Planctomyces guttaeformis), homologous as to cell type, showing the typical bulbiform cellular shape and the prominent spikes. x1800. (b) Bulbous 
end of morphotype Va (Planctomyces guttaeformis) cell, showing pili, crateriform surface structures, and basal portion of the spike. 1.0% uranyl 
acetate; x25,200. (c) Budding cell of morphotype Va (Planctomyces guttaeformis) from the pond at The Lakes, Tempe, Arizona, showing pili, crateri- 
form surface structures, and base of the spike. The bud is a mirror image of the bulbiform mother cell. 1.0% uranyl acetate; x27,333. (d) Stained 
(Kodaka et al., 1982) preparation showing a rosette, homologous as to cell type, of morphotype Vb (Planctomyces stranskae). Note that this organism 
lacks the spikes typical of morphotype Va but does have a prominent halo of bristles with entrapped bacteria. x1800. (e) Globose hemisphere of a 
morphotype Vb (Planctomyces stranskae) cell from the pond at The Lakes, Tempe, Arizona, showing the typical multifibrillar bristles. Neither a spike 
nor the "socket" from which the spike emanates in morphotype Va is present. 1.076 uranyl acetate; x45,000. (f) Rosette of cells of morphotype Vb 
(Planctomyces stranskae) cells from the pond at The Lakes, Tempe, Arizona, one with a mirrorimage bud. Note the numerous multifibrillar bristles on 
the globose hemispheres of each cell. 1.0% uranyl acetate; x11,560. Bars = 5.0 um for (a) and (d); 1.0 um for (b), (c) and (f); and 0.5 um for (e). 


(NH,),SO, (0.0596), Bacto peptone, Bacto yeast extract, or Genome size (strain 1008): 2.67 + 0.05 x 10° daltons. 


Casamino acids (vitamin-free). The following substances 
are not utilized as nitrogen sources: NaNO, (0.2-0.69%), 
NaNO, (0.2-0.85%), methylamine hydrochloride (0.675%), 
and urea (0.46%). 

Vitamins not required. The following reactions are posi- 
tive: nitrate reduction (dissimilatory), gelatin liquefaction, 
H,S formation, and tolerance to 30 vol% carbon monox- 
ide. The following reactions are negative: decarboxyla- 
tion of lysine and arginine, deamination of phenylalanine 
and lysine, oligocarbophilic growth, urease, nitrification, 
nitrate reduction (assimilatory), anaerobic gas formation 
with nitrate, formation of acetoin and indole, growth in or 
changes of litmus milk, tolerance to 50 vol% carbon monox- 
ide, and extracellular DNase. 


Source: surface water of the freshwater lake PluBee, Hol- 
stein, Germany. 

DNA G+C content (mol % ): 53.24 + 0.59. 

Type strain: Mü 290, ATCC 43296, DSM 3776, IFAM 1008. 

Sequence accession no. (16S rRNA gene): X62911. 


. Planctomyces maris (ex Bauld and Staley 1976) Bauld and 


Staley 1980, 657" (morphotype IIIb of the Blastocaulis— 
Planctomyces group (Schmidt and Starr, 1981). Other names 
are sometimes encountered for organisms belonging to 
morphotype III; most of these names have no taxonomic 
standing. Two red-pigmented strains belonging to morpho- 
type IIIA provided the basis for the description of the spe- 
cies Planctomyces limnophilus by Hirsch and Muller (1985). 
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A single morphotype IIIC strain is the basis of a description 
by Franzmann and Skerman (1984) of the genus Gemmata 
and its sole species Gemmata obscuriglobus. However, rigor- 
ous comparisons of these taxa with Planctomyces maris and / 
or with other presently unnamed representatives of morpho- 
type HI (Schmidt and Starr, 1978, 1981) remain to be made. 


maris. L. gen. n. maris of the sea. 


Gram-stain-negative, budding bacteria. Mature cells are 
spherical or ellipsoidal, 1.0-1.5 um in major dimension. 
Numerous crateriform surface structures and pili (5-6 nm 
in diameter) are distributed randomly over the entire cell 
(Figure 166). In the budding process, the newly released 
daughter cells (0.4 um in minimum diameter) are usually 
smaller than mature cells. Mature cells generally have a 
braided, multifibrillar, nonprosthecate stalk extending from 
a pole exactly opposite to the budding pole (Figure 166). 
Individual fibrils (5 nm in diameter) of the multifibrillar stalk, 
emanating from separate pores at the basal structure when 
anchored to the cell, are joined into a bundle (a fascicle) 
to form the stalk, which may be up to 5 um long. The many 
finer fibrils, which extend from the distal tip of the stalk, may 
serve as a “holdfast” device (Figure166); some stalked cells, 
joined by the distal tips of their stalks, are depicted here in 
Figure 166. The daughter cells are motile by a single, sub- 
polar, sheathed flagellum which is attached to the cell at or 
near the pole from which the stalk originates. 

Of marine origin, with an absolute requirement for 
1.5-4.0% (w/v) NaCl. Heterotrophic, obligately aerobic, 
mesophilic (optimum temperature: 30-33°C). Colonies on 
marine agar (Difco) are white or slightly cream-colored, 
2-4 mm in diameter, slightly mucoid, and glistening. Car- 
bon sources utilized: N-acetylglucosamine, cellobiose, escu- 
lin, furanose, galactose, glucose, glucuronic acid, lactic acid, 
maltose, mannose, melibiose, pectin, rhamnose, trehalose, 
and xylose. Vitamins are not required, but colonies grow 
more rapidly in the presence of peptone and yeast extract 
than in the glucose-salt medium. Growth is relatively slow, 
with a minimum doubling time of 13 h at 30°C. 

The DNA G+C content of ATCC 29201 is 50.5 mol% 
(Bauld and Staley, 1976) or 52.0 mol% (M. Mandel, personal 
communication, 1979) as determined by buoyant density. 

Strains essentially identical to Planctomyces maris in morpho- 
logical and ultrastructural features, and probably also related 
in other ways, have been isolated from freshwater samples orig- 
inating in many parts of the world (Franzmann and Skerman, 
1984; Gebers et al., 1985; Hirsch and Müller, 1985; Hirsch 
et al., 1977; Schmidt, 1978; Schmidt and Starr, 1978, 1981). 
With the exceptions of Gemmata obscuriglobus Franzmann and 
Skerman (1984), a taxon based upon a single morphotype 
IIc strain not yet compared rigorously with other members 
of morphotype III, and Planctomyces limnophilus Hirsch and 
Miller (1985), a taxon based solely upon two red pigmented 
morphotype Illa strains, none of these strains has as yet been 
validly named. They do not require 1.5% NaCl. 

Genome sizes (renaturation kinetics) of the few strains 
examined ranged from 2.67-3.65 x 10? Da (Kélbel-Boelke 
et al., 1985); to the extent examined, no peptidoglycan 
can be detected by chemical analysis (O. Kandler, personal 
communication, 1979-1980; König et al. (1984) or electron 
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FIGURE 166. Morphotype III of the Blastocaulis-Planctomyces group. 
(a) Several cells of Planctomyces maris, ATCC 29201, morphotype IIb of 
the Blastocaulis-Planctomyces group. Stained with 1.0% potassium phos- 
photungstate following fixation with 0.5% glutaraldehyde. A braided, 
multifibrillar fascicle (a stalk) extends from a pole of each cell, and the 
distal ends of the fascicles are attached to each other. x8960. (b) Cell of 
a morphotype III organism from a freshwater enrichment (water sam- 
ple from Old Main Fountain, Arizona State University, Tempe, Arizona, 
USA). The crateriform structures are scattered over most of the cell 
surface. Note the ellipsoidal cellular shape. The prominent, braided, 
multifibrillar fascicle with its electron-dense (i.e., heavily stained) hold- 
fast is typical of morphotype III. 1.0% potassium phosphotungstate; 
x35,100. (c) Cell of morphotype III from an enrichment (water sample 
from Willow Springs Lake, northern Arizona), showing a very early state 
of budding (the tiny protuberance at the pole opposite to the stalk) 
as well as the typical braided stalk with electron-dense holdfast. 0.596 
potassium phosphotungstate; x28,700. Bars = 1.0 um for (a)- (c). 


microscopy (König et aL, 1984; Schmidt and Starr, 1978, 
1981), thus correlating with the demonstrated resistance 
to B-lactam antibiotics (König et al, 1984; Schmidt and 
Starr, 1980b), existence of other characteristics atypical of 
ordinary eubacteria (Schmidt and Starr, 1981), and their 
postulated evolutionary origin (Stackebrandt et al., 1984). 
Some of these freshwater strains form pink or red colonies, 
though their colonies are more typically cream colored or 
white; some develop a brown (melanin-like) pigmentation 
after several days of growth. The single strain tested was not 
pathogenic to mice (Famurewa et al., 1983). 
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DNA G+C content (mol % ): 50-52 (Bd). 
Type strain: 534-30, ATCC 29201, DSM 8797. 
Sequence accession no. (16S rRNA gene): AJ231184, X62910. 


6. Planctomyces stranskae (ex Wawrik 1952) Starr and Schmidt 


1984, 473’? (Planctomyces stranskae Wawrik 1952, 448; mor- 
photype Vb of the Blastocaulis—Planctomyces group (Starr and 
Schmidt, 1984) 


stran'skae. N.L. fem. gen. n. stranskae of Stransky; named 
originally by F. Wawrik in honor of her biology teacher, M.L. 
Stransky. 


Gram-stain-negative, budding bacteria. Mature cells are 
relatively large (3.0-3.5 um in length, 1.5-1.7 um for the 
diameter of the globose end, about 1.3-1.4 um for the ini- 
tial diameter of the conical end, and 1.0-1.1 um for the 
diameter of the terminus of the cell). Bulbiform (i.e., bulb 
shaped; in this case, a truncated cone blending into a spher- 
ical terminal dilatation; shaped like a common screw-in 
incandescent lamp). Numerous multifibrillar appendages, 
termed bristles (Figure 165), extend from the globose end 
of the cell; many smaller bacteria are associated with the 
bristles, especially in preparations made directly from natu- 
ral samples. Division is by budding, with a mirror-image bud 
(Figure 165) formed at the globose end of the cell. Numer- 
ous crateriform surface structures (Figure 165) occur on 
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the globose end of the cell; presence of pili is uncertain. 
Fine structure is that of a typical bacterium, except for a 
rather thin cell envelope, the crateriform surface struc- 
tures, and the many multifibrillar bristles. Cells are resistant 
to B-lactam antibiotics. Occur in rosettes consisting of as 
many as a dozen cells attached via holdfasts at the narrower 
ends of the several cells. Neither motility nor flagella have 
been observed. Common in eutrophic freshwater habitats, 
usually accompanying phototrophs (algae and cyanobac- 
teria). Metallic oxide encrustations of the cells have been 
observed in specimens from Austria and Arizona. Species 
has not been cultivated axenically, though blooms occur in 
laboratory enrichments. Descriptive type material in Starr 
and Schmidt (1984). The type locality is a eutrophic man- 
made pond in a residential district (The Lakes) in Tempe, 
Arizona, USA. Frequently confused with Planctomyces gut- 
taeformis, from which it can readily be distinguished on 
the basis of the characteristic cellular sizes and shapes, the 
absence of a multifibrillar spike in Planctomyces stranskae and 
its presence in Planctomyces guttaeformis, and the presence of 
numerous multifibrillar bristles in Planctomyces stranskae and 
their absence in Planctomyces guttaeformis. 

DNA G+C content (mol% ): not determined. 

Type strain: description, not isolated in axenic culture. 

Sequence accession no. (16S rRNA gene): not determined. 


Species incertae sedis 


. *Planctomyces condensatus" Skuja 1964, 16 


Skuja (1964) stated that this organism differs from Planc- 
tomyces bekefii Gimesi “durch die viel kürzeren und sich 
zentralwarts nicht merklich verdickten Zellstielchen, die 
kleineren Kolonien, durch das gewóhnlich solitare Vorkom- 
men von terminalen Kugelzellen sowie die verhaltnissmas- 
sig mächtige und anscheinend immer auftretende zentrale 
Eisenhydroxykonkretion." (“in its much shorter cell stalks 
which are not markedly thicker towards the center of the 
rosette; the smaller colonies; the typically solitary occurrence 
of terminal spherical cells, as well as the relatively heavy and 
always apparent concretion of the central ferric hydroxide or 
as well as the relatively heavy and always apparent concretion 
of iron hydroxide at the center of the rosette.") 


. *Planctomyces crassus" Hortobágyi 1965, 111 (Morphotype 
Ib of the Blastocaulis-Planctomyces group; Schmidt and Starr, 
1981) 

In the German résumé of his paper, Hortobágyi (1965), 
using the mycological terminology then in vogue, stated 
that “Planctomyces crassus" was distinguished from all other 
species of the genus Planctomyces “durch die Ausbildung der 
Sporentrager und die aus den Armen hevorschiebenden 
Sporen" [*by the development of the conidiophores and 
the conidia which emerge from it”] -a view based on com- 
parisons of the remarkably broad and tapering stalks (in 
the mycological terminology used by Hortobágyi, these are 
called “Sporentrager” or *conidiophores") of “Planctomyces 
crassus" with the rather thin and uniformly dimensioned 


stalks of Planctomyces bekefii, and of the spherical cells (*Spo- 
ren" or *conidia") of “Planctomyces crassus" with the bulbi- 
form cells of Planctomyces guttaeformis. Our examination 
(Schmidt and Starr, 1981) of this relatively uncommon 
bacterial form (Figure 163) supports the distinctions made 
by Hortobágyi (1965) and adds others concerning its bacte- 
rial nature, the fine structure of the stalk, and deposition of 
metallic oxides. 


. *Planctomyces crassus subsp. maximus" Hortobágyi 1980 


Its author stated: "The subspecies differs from Planctomy- 
ces crassus Hortobágyi in its robust thallus similar to that of 
Planctomyces condensatus Skuja, but its shape is different[,] as 
is the development of reproductive cells." 


. *Planctomyces ferrimorula” Wawrik 1956, 296 


The entire description of this rare organism by Wawrik 
(1956) follows: "In einer zarten Gallerthülle lagern locker 
um eine zentrale Eisenoxyhydratausfállung von 1-8 um 
diam., 1-100 und mehr farblose kugelige Zellen von 0.5-1.5 
um diam. Das Endstadium der Entwicklung ist ein morulaar- 
tiges Gebilde von 12-20 uum diam., in dem sich die Zellen 
nach allen Richtungen des Raumes dicht an die dunkel- 
braune Eisen-konkretion angelagert haben. Es wurden auch 
zusammengesetzte Kolonien beobachtet." (*1-100 or more 
colorless spherical cells of 0.5-1.5 um diameter are stored 
in a delicate slime layer around a central iron hydroxide 
deposit/precipitate of 1-8 um diameter. The final stage of 
development is a morula-like object of 12-20 um diameter, 
in which the cells have attached closely in all directions 
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around the dark-brown iron accretion. Compound colonies 
were also observed.”) 


5. “Planctomyces gracilis” Hortobágyi 1965, 112 


This unusual rosette-forming and filamentous organism 
(Figure 167) is nota member of the Blastocaulis—Planctomyces 
group (Starr and Schmidt, 1984). 


6. “Planctomyces hajdui” Hortobagyi 1980 


Its author stated “The species is nearest to Planctomyces cras- 
sus Hortobagyi but differs from it in its broad thallus and the 
projecting thinner stalks.” 


7. *Planctomyces kljasmensis" (Razumov 1949) Hirsch 1972, 110 


An accessible description ofthis organism has been presented 
by Zavarzin (1961) under the names * Blastocaulis kljasmensis" 
Razumov (1949) and “Gallionella planctonica’ Krasil'nikov 
(1949). From Zavarzin's description, this organism — except 
for its smaller cells (reported by Zavarzin as spherical and 
0.3-0.5 um in diameter, although he stated that “sometimes 
larger cells are encountered") — seems to be similar to iron- 
encrusted Planctomyces bekefii. 
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FIGURE 167. Rosette of “Planctomyces gracilis’ Hortobagyi (1965). 
Water sample from the pond at The Lakes, Tempe, Arizona, USA. This 
unusual rosette-forming and filamentous bacterium, which lacks crater- 
iform surface structures and multifibrillar appendages, does not belong 
to the Blastocaulis-Planctomyces group (Starr and Schmidt, 1984). 1.0% 
uranyl acetate; x6710; bar = 1.0 um. 


Genus II. Blastopirellula Schlesner, Rensmann, Tindall, Gade, Rabus, Pfeiffer and Hirsch 2004, 1578"? 


HEINZ ScHLESNER 


Blas.to.pi.rel'lu.la. Gr. masc. n. blastos bud, shoot; N.L. fem. n. Pirellula name of a bacterial genus; N.L. fern. 


n. Blastopirellula a budding Pirellula. 


Cells are ovoid, ellipsoidal or pear-shaped, occurring singly or 
in rosettes by attachment at the smaller cell pole. Cells divide by 
budding. Buds are produced directly from the broader cell pole 
of the mother cell; they may appear bean-shaped. Crateriform 
structures and fimbriae are found in the upper cell region. Cells 
have an intracytoplasmic membranous structure (pirellulosome). 
Gram-stain-variable. Buds may have a single flagellum inserted 
subpolarly at the proximal pole. Adult cells are immobile. Strictly 
aerobic. Colonies are grayish to brownish white. Mesophilic. 
Requires sea water for growth. Nonsporeforming. PHB is not 
stored. Chemoheterotrophic. Carbon and energy sources are 
mainly carbohydrates. Cl-compounds are not used. MAcetylg- 
Iucosamine serves as carbon and nitrogen source. Catalase- and 
cytochrome oxidase-positive. The proteinaceous cell wall lacks 
peptidoglycan. The major polyamine is sym-homospermidine. 
The major menaquinone is MK-6. The major phospholipid is 
phosphatidylglycerol. The major fatty acids present are C... Ciso 
iso, C,,, @7 C,,,, C,,, 98, Ciro Cis 09, Cisa 07, C, C, 08, 
and C, 09. 

DNA G+C content (mol96): 54—57 (HPLC). 

Type species: Blastopirellula marina (Schlesner 1986) 
Schlesner, Rensmann, Tindall, Gade, Rabus, Pfeiffer and Hirsch 
2004, 1578 (Pirella marina Schlesner 1986, 180; Pirellula marina 
Schlesner and Hirsch 1987, 441). 


16:0? 17:0? 


Further descriptive information 


Blastopirellula marina is the only described species of Blastopirel- 
lula. Morphologically, it is characterized by a polar organiza- 
tion of the cells. The small cell pole (holdfast pole) excretes a 
sticky substance of still unknown composition which enables the 
cell to attach to surfaces or to form rosettes. The reproductive 
pole produces the bean-shaped bud. Crateriform structures are 
distributed over the entire cell surface of the buds, however, they 


are only found around the reproductive pole of adult cells. In the 
same area, numerous fimbriae are found (Figures 168, 169). 

Blastopirellula marina possesses a characteristic type of cell 
compartmentalization, in which a single membrane (the intra- 
cytoplasmic membrane) divides the cell into two separate 
regions, the pirellulosome and a polar cap region, later termed 
"the paryphoplasm" (Lindsay et al, 1997; Figure 170). The 
pirellulosome contains the nucleoid and most of the ribosomes. 
Astructure analogous to the pirellulosome has also been reported 
in other genera of the Planctomycetales (Lindsay et al., 2001). 

The cell wall lacks peptidoglycan and possesses a proteina- 
ceous sacculus instead, as was found in all strains of Planctomyc- 
etales examined so far. This was first reported for several strains 
of Planctomyces and Pirellula (then Pasteuria; Konig et al., 1984). 

The Gram reaction of untreated adult cells is positive; buds 
and swarmer cells react negatively. Adult cells also give the 
negative Gram reaction after washing. The reason might be a 
glycocalix as was shown for Rhodopirellula and which may retain 
the dyes (refer to Figure 185). 

Blastopirellula is a member of the attached living microflora 
and, like several other representatives of such immobile bacte- 
ria, it produces motile daughter cells, thus exhibiting a biphasic 
life cycle. After ripening, the bud separates from the mother 
cell and moves away till it attaches to a substratum. Then the 
flagellum is released (see Figure 186, below). When there is a 
high cell density, swarmer cells may form rosettes by contact 
with their holdfast poles (Figure 171). 

The main carbon and energy sources are carbohydrates. 
Interestingly, Nacetylglucosamine, the monomer of chitin, 
serves as both carbon and nitrogen source. Chitinase activity, 
however, was not detected. 

Though Blastopirellula is quite similar to Pirellula and Rhodop- 
irellula in morphology and physiology, the 16S rRNA sequence 
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FIGURE 168. Bean-shaped swarmer cell of Blastopirellula marina strain 
SH106* with single flagellum shows crateriform structures (cr) on the 
cell surface. Negatively stained with uranyl acetate. Bar = 0.5 um. 


bud 


FIGURE 169. Mature cell of Blastopirellula marina strain SH106" with 
bud. Crateriform structures (cr) and fimbriae (fi) are seen in the region 
of the reproductive pole. Negatively stained with phosphotungstic acid. 
Bar = 1 um. 


analysis showed less than 90% similarity between the type strains 
of these genera (refer to Table 174, below). The length of the 
5S rRNA of Rhodopirellula baltica strain SH1' is in the range of 
that for other planctomycetae, i.e. 109-111 bases rather than 
118 bases as for the majority of Bacteria and Archaea (Bomar 
et al., 1988). The analysis of sequences encoding 23S rRNA 
also separates the genera Pirellula and  Blastopirellula (Ward 
et al., 2000). The sequences encoding the 70-kDa heat-shock 
protein (Ward-Rainey et al., 1997) and the f-subunit of ATP 
synthase (Rónner et al., 1991) were analyzed and compared to 
sequences of other bacteria and supported the findings of 16S 
rRNA analyzes that the planctomycetae were a phylogentically 
diverse group within the Bacteria (Griepenburg et al., 1999; 
Ward et al., 1995). The comparison of elongation factor-Tu 
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FIGURE 170. Thin section of cryosubstituted cell of Blastopirel- 
lula marina displaying cell compartmentalization into pirellulosome 
(P) and polar cap region (paryphoplasm, C) by a single intracytoplas- 
mic membrane (ICM). Bar = 0.1 um. (Reproduced with permission 
from Fuerst, 1995. Microbiology 143: 739-748.) 


FIGURE 171. Rosette-formation of Blastopirellula marina strain SH116. 
Note the bean-shaped buds. Phase-contrast. Bar = 10 um. 


proteins from Blastopirellula marina and Isosphaera pallida with 
numerous other bacteria (Jenkins and Fuerst, 2001) did not 
support a close relationship between planctomycetes and chla- 
mydiae (the only other group bacteria with a cell wall lacking 
peptidoglycan) that had been proposed earlier as sister taxa 
(Weisburg et al., 1986). 

The presence of an an extrachromosomal element was 
detected by pulsed field gel electrophoresis (PFGE) of undi- 
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gested chromosomal DNA (Ward-Rainey, 1996). Physical map- 
ping of the genome of Blastopirellula marina using probes for 
housekeeping genes indicated that the genes encoding 16S 
rRNA and 23S rRNA are separated in the genome and that more 
than one chromosomal locus exists for several of the genetic 
markers (Ward-Rainey, 1996). Unlinked rrn organization had 
been previously reported by Liesack and Stackebrandt (1989). 

Blastopirellula marina can be considered as a marine bacte- 
rium as is does not grow in freshwater media. Essential compo- 
nents of artificial sea water were Ca?*, Nat, and CI. Seven strains 
were isolated from the brackish water of Kiel Fjord and Schlei 
Fjord (both part of the Baltic Sea) over a period of 15 years, sug- 
gesting that these bacteria belong to the autochthonous micro- 
flora of this habitat (Schlesner et al., 2004). 


Enrichment and isolation procedures 


Adult cells are normally attached to surfaces and so mainly 
swarmer cells are sampled from the free water column. For this 
reason, an enrichment of cells is necessary before starting iso- 
lation attempts. Three methods of enrichment have been suc- 
cessfully used (Schlesner, 1986): (a) 100 ml samples with 0.05% 
glucose in 250 ml Erlenmeyer flasks with cotton plugs were kept 
aerobically at room temperature (20-23°C) in daylight, (b) as in 
(a) but the substrate was 0.1% N-acetylglucosamine + 100 ug/ml 
ampicillin, (c) the Petri-dish method (Hirsch et al., 1977; Schle- 
sner, 1994): The bottom of a 20 cm diameter glass Petri dish was 
covered with a 2 cm layer of sterilized water agar before adding 
the water sample. Sterilized cover glasses with or without water 
agar coat were placed vertically and partially into the agar layer 
and monitored microscopically from time to time. As soon as 
the desired bacteria had appeared on such sample cover glasses, 
other cover glasses were taken out for agar streak isolations. 
Streaks can be performed on media M13, M13a or M30. 
The addition of ampicillin and cycloheximide (0.2 mg/l each) 
reduces growth of ampicillin-sensitive bacteria and of fungi. 
Medium 13 (Schlesner, 1986) (g/l or ml/1) contains: peptone, 
0.25; yeast extract, 0.25; glucose, 0.25; artificial sea water (ASW; 
Lyman and Fleming, 1940, 250); vitamin solution no. 6 (Staley, 
1968), 10; Hutner’s basal salts medium (HBM; Cohen-Bazire 
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et al., 1957) 20; 0.1 m Tris/HCl pH 7.5, 50 ml; distilled water, 
670. The recipes of the other media are given in the Genus 
Rhodopirellula chapter, below. 


Maintenance procedures 


Besides the media mentioned above, M13f is a suitable culture 
medium. Addition of ampicillin and cycloheximide is not neces- 
sary for pure cultures. The optimum incubation temperature is 
30°C, 

The strains grown on slants can be kept at 4—5^C for at least 
3 months. They are easily revived from lyophilized cultures and 
can be stored at —70°C in a solution of 50% glycerol in the cul- 
ture medium. 


Differentiation of the genus Blastopirellula from other 
closely related taxa 


Properties of the type strains of Rhodopirellula baltica, Blastopirel- 
lula marina, and Pirellula staleyi that allow differentiation of the 
three genera are summarized in Table 174. 


Further reading 


Fuerst, J.A. 1995. The planctomycetes: emerging models for 
microbial ecology, evolution and cell biology. Microbiology 
141: 1493-1506. 
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Monitoring a widespread bacterial group: in situ detection 
of planctomycetes with 16S rRNA-targeted probes. Microbiol- 
ogy 144: 3257-3266. 

Sittig, M. and H. Schlesner. 1993. Chemotaxonomic investiga- 
tion of various prosthecate and/or budding bacteria. Syst. 
Appl. Microbiol. 16: 92-103. 

Ward, N., J.T. Staley, J.A. Fuerst, S.J. Giovannoni, H. Schlesner 
and E. Stackebrandt. 2004. The order Planctomycetales, includ- 
ing the genera Planctomyces, Pirellula, Gemmata, and Isosphaera, 
and the Candidatus genera Brocadia, Kuenenia, and Scalin- 
dua. In The Prokaryotes: an Evolving Electronic Resource for 
the Microbiological Community, 3rd edn, release 3.18 (edited 
by Dworkin, Falkow, Rosenberg, Schleifer and Stackebrandt). 
Springer, New York. 


List of species of the genus Blastopirellula 


1. Blastopirellula marina (Schlesner 1986) Schlesner, Rens- 
mann, Tindall, Gade, Rabus, Pfeiffer and Hirsch 2004, 
1578V* (Pirella marina Schlesner 1986, 180; Pirellula marina 
Schlesner and Hirsch 1987, 441) 


ma.ri'na. L. fem. adj. marina of, or belonging to, the sea, 
marine. 

Cells are 0.7-1.5 x 1.0-2.0 um in size. A single flagellum 
is subpolarly inserted at the proximal pole. Colonies are 
round, smooth and grayish to brownish white. Growth is 
optimal between 27 and 33°C. No growth at 38°C. Ca?', Nat, 


and CT are required for growth; vitamins are not required. 
Strictly aerobic. Glucose is not fermented; nitrate cannot 
serve as an electron acceptor. Other characteristics are listed 
in Table 172. 

The chemical composition is identical to that in the genus 
description. 

Source: brackish water of Kiel Fjord (Baltic Sea). 

DNA G+C content (mol96): 56 (HPLC). 

Type strain: SH 106, ATCC 49069, DSM 3645, IFAM 1313. 

Sequence accession no. (16S rRNA gene): X62912. 


Genus Ill. Gemmata Franzmann and Skerman 1985, 375"? (Effective publication: Franzmann and Skerman 1984, 266.) 


Jonn A. Fuerst, Kuo-CHaNG LEE AND MARGARET K. BUTLER 


Gem.ma'ta. L. v. gemmare to put forth buds, to bud; N.L. fem. n. Gemmata (from L. fem. part. adj. gemmata 
put forth buds, budded) budded (bacteria), referring to the cell division mode of the bacterium. 


Spherical to pear-shaped cells, 1.4—3.0 x 1.4—3.0 um. Gram- 
stain-negative. Cells reproduce by budding, with the sin- 
gle daughter cell a mirror image of the mother cell, and 


there may be a narrow bud attachment site. Cells can bud 
repeatedly. Cells possess a multitrichous bundle of flagella. 
Aerobic, having a strictly aerobic type of metabolism with 
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TABLE 172. Characteristics of Blastopirellula marina* 


Characteristic 


Carbon source utilization: 
N-Acetyglucosamine, cellobiose, chondroitin sulfate, + 
dextrin, fructose, fucose, galactose, gluconate, 
glucuronate, glucose, glutamic acid, glycerol, lactose, 
lyxose, maltose, mannitol, mannose, melibiose, 
melizitose, pyruvate, raffinose, rhamnose, salicin, 
sucrose, trehalose, xylose 
Acetate, adonitol, arabitol, citrate, dulcitol, erythritol, _ 
esculin, ethanol, formate, fumarate, glutamine, imulin, 
lactate, malate, methanol, 2-oxoglutarate, propionate, 
succinate 
Nitrogen source utilization: 
N-Acetylglucosamine, ammonia, Casamino acids, gelatin, + 
nitrate, peptone, yeast extract 
Urea - 
Hydrolysis of: 
DNA, esculin, gelatin, glycerol, starch + 
Casein, cellulose, chitin = 
Activity of: 
Catalase, cytochrome oxidase, lipase + 
Urease _ 
Production of: 
H,S + 
Acetoin, indole _ 


“Symbols: +, >85% positive; —, 0-15% positive. 


oxygen as the terminal electron acceptor. Colonies have pink 
pigmentation. 

Cell walls of the type species are proteinaceous and do not 
possess detectable peptidoglycan. Crateriform structures on 
cell surface are uniformly distributed over the cell. In thin 
sections of chemically fixed or cryosubstituted cells and freeze- 
fracture replicas, nucleoids are surrounded by an envelope 
consisting of two closely apposed membranes which are con- 
tained within a region of cell cytoplasm bounded in turn byan 
intracytoplasmic membrane. Via phase-contrast light micros- 
copy, this nuclear region may appear as an inclusion of differ- 
ent phase refractility. Cells possess the shared planctomycete 
cell plan, i.e., cell is compartmentalized into a ribosome-free 
paryphoplasm and ribosome- and nucleoid-containing pirellu- 
losome separated via a single intracytoplasmic membrane. 16S 
rRNA sequence has a characteristic insertion absent in other 
planctomycetes. 

DNA G+C content (mol96) : 64.4 + 1.0 (T). 

Type species: Gemmata obscuriglobus Franzmann and Skerman 
1985, 375%” (Effective publication: Franzmann and Skerman 
1984, 266.). 


Further descriptive information 


Cells reproduce by budding from one pole to produce a smaller 
daughter cell of similar shape attached via a narrow region to 
the mother cell (Figure 172). 

Cells possess crateriform structures distributed uniformly over 
cell surface (Figure 173), multitrichous flagella (emerging as a 
tuft from one side of the coccus in Gemmata obscuriglobus), and 
may also possess fimbriae (Figure 174). Crateriform structures 
are retained in cell envelopes isolated after treatment with 1096 
sodium dodecyl sufate, and the proteinaceous cell wall lacks 
peptidoglycan as indicated by the absence of muramic acid and 
diaminopimelic acid (Stackebrandt et al., 1986). Alignments 
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FIGURE 172. Phase-contrast micrograph of budding Gemmata obscuri- 
globus cells grown for 5 d in PYGV broth. Bar = 10 um. 


FIGURE 173. Transmission electron micrograph of cell of Gemmata 
obscuriglobus negatively stained with ammonium molybdate, showing 
crateriform structures with uniform distribution over the cell surface. 
Bar = 1 um. 


of the 16S rRNA sequence of Gemmata obscuriglobus and related 
strains display a characteristic insertion of at least ten bases 
between Escherichia coli position 998 and 999 relative to sequences 
of other strains due to a unique secondary structure bulge loop 
(Liesack and Stackebrandt, 1992; Wang et al., 2002). At least 
two distinct Gemmata strains, Gemmata obscuriglobus and Gem- 
mata Wal-l (a strain with 93% 16S rRNA similarity to Gemmata 
obscuriglobus and therefore possibly a distinct species) are capa- 
ble of synthesizing sterols including lanosterol and parkeol, via 
squalene monooxygenase and oxidosqualene cyclase (Pearson 
et al., 2003). Draft genome sequences exist for Gemmata obscuri- 
globus and for Gemmata strain Wal-1. Genes involved in C, trans- 
fer mediated by methanopterin and methanofuran are present 
in Gemmata obscuriglobus and in another member of the clade of 
organisms clustering with Gemmata obscuriglobus in phylogenetic 
trees, Gemmata Wal-l (Chistoserdova et al., 2004). 


GENUS III. GEMMATA 


FIGURE 174. Transmission electron micrograph of cell of Gemmata 
obscuriglobus negatively stained with ammonium molybdate, showing a 
multitrichous tuft of flagella emerging from a restricted region. Bar = 
500 nm. 


Enrichment and isolation procedures 


The type strain was isolated from a freshwater inoculum 
(derived from Maroon Dam, southeast Queensland, Australia) 
using micromanipulation methods of Skerman (1968) using 
lake water agar (Franzmann and Skerman, 1981). Other 
strains have been isolated using a soil inoculum (Wang et al., 
2002). Antibiotics inhibiting peptidoglycan synthesis and pro- 
tein synthesis in other bacteria have been used effectively for 
Gemmata strain isolation, e.g., M1 isolation medium of 
Schlesner (1994) supplemented with the antifungals amphot- 
ericin B (0.25-0.5 g/ml) or cycloheximide (20-100 pg/ml), 
ampicillin at 200 ug/ml or penicillin G at 500 ug/ml and 
streptomycin at 1000 ug/ml (Wang et al., 2002). Resistance to 
peptidoglycan-synthesis-inhibiting antibiotics forms the basis 
for selection, but resistance of at least some strains of Gemmata 
to the protein synthesis-inhibitor streptomycin also aids selec- 
tivity of this medium. For experimental studies or broth 
enrichment cultures, growth in PYGV broth (Staley, 1968) can 
avoid clumping and allow determination of exponential 
phase. 


Maintenance procedures 


Staleys complex medium (pH 7.2) (Staley, 1973) was used for 
maintenance of Gemmata obscuriglobus after initial isolation using 
lake water agar. Half-strength soil substitution equivalent agar (vé 
SSE) (Lindsay et al., 1995, 2001) and M1 agar (Schlesner, 1994) 
have also been used successfully for maintenance. 

Frequent subculture (every 2 weeks) may be needed to pre- 
vent loss of viability. Cultures can be successfully preserved via 
freeze-drying and via 20% glycerol suspensions at —70 to -80?C. 


Procedures for testing special characters 


For the study of cell ultrastructure and the presence of double 
membrane envelopes enclosing the nucleoids, cryosubstitution 
is recommended as described by Lindsay et al. (2001). 


FIGURE 175. Transmission electron micrograph of thin sectioned cell 
of Gemmata obscuriglobus prepared via high-pressure freezing and cryo- 
substitution, showing the double-membrane envelope surrounding a 
consensed fibrillar nucleoid, forming the nuclear body characteristic of 
Gemmata obscuriglobus and close relatives. Bar = 500 nm. 


Differentiation of the genus Gemmata 
from other genera 


Cells of Gemmata obscuriglobus and other Gemmata-ike strains 
clustering with Gemmata obscurigobus tend to be coccoid rather 
than ovoid or teardrop-shaped, so are similar to cells of Planc- 
tomyces and Isosphaera but differ from Pirellula. Unlike Isosphaera 
pallida which forms filaments exhibiting intercalary budding, 
Gemmata strains are usually single cells or occur with one bud. 
With respect to internal cell structure, Gemmata strains so far 
examined all display a double-membrane-bounded nucleoid 
(Figure 175) forming a nuclear body compartment surrounded 
by an envelope consisting of two membranes closely apposed to 
each other; this nuclear body is found within the riboplasm of 
the pirellulosome (Fuerst and Webb, 1991; Lindsay et al., 2001; 
Wang et al., 2002). This double-membrane-bounded nuclear 
body has not been observed in the genera Pirellula, Blastopirel- 
lula, Rhodopirellula, ox Isosphaera and also does not occur in at 
least Planctomyces maris within the genus Planctomyces (Lindsay 
et al., 2001). Gemmata obscuriglobus, at least, does not form a 
holdfast structure or, unlike Planctomyces species, a stalk. Gem- 
mata forms a tuft of several flagella (Figure 174), unlike other 
planctomycetes such as Pirellula and. Blastopirellula with single 
polar flagella, or /sosphaera which is a gliding bacterium not 
known to possess flagella. Unlike planctomycetes producing 
only motile swarmer buds, mother cells of Gemmata possess fla- 
gella and most cells in a young culture are motile whether bud- 
ding or not. 

Gemmata differs from Pirellula and. Blastopirellula in the dis- 
tribution of the dense circular pits called crateriform struc- 
tures on its cell surface, which are uniformly distributed in 
the case of Gemmata unlike the polar distribution in Pirellula 
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and Blastopirellula, but similar to the uniform distribution in 
Planctomyces. Gemmata obscuriglobus possesses a higher DNA G+C 
content than species of Pirellula (56-59 mol%), Blastopirellula 
(53.6-57.4 mol%), Rhodopirellula (53-57 mol%), Planctomyces 
(50-58 mol%), and Isosphaera (62 mol%). 


Taxonomic comments 


The characteristic cell compartmentation of Gemmata and 
strains clustering phylogenetically in the Gemmata group, involv- 
ing a double membrane-bounded region containing a fibrillar 
nucleoid, is found in all cultured strains of this group where 
this property has been examined via thin sections of cells pre- 
pared via cryosubstitution following cryofixation (e.g., via high 
pressure freezing); see Figure 175. This membrane-bounded 
structure has been termed a “nuclear body” (though some 
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confusion with a nonanalogous structure within the eukaryote 
nucleus with that name is possible if that term is used). It thus 
appears to be phylogenetically conserved within Gemmataike 
strains, and it is diagnostic for the genus as it now stands. Double- 
membrane bounded nucleoids are not present in other planc- 
tomycete genera such as Pirellula, Blastopirellula, Rhodopirellula, 
or Isosphaera, or in anammox genera "Candidatus Kuenenia", 
“Candidatus Brocadia”, or “Candidatus Scalindua", and within 
the genus Planctomyces (at least not in Planctomyces maris, though 
the structures of Planctomyces limnophilus and Planctomyces brasil- 
iensis are too complex to exclude such occurrence). The nucle- 
oid in the other planctomycete genera appears to be enveloped 
only by the single intracytoplasmic membrane and lies within 
the ribosome-containing pirellulosome compartment bounded 
by that membrane. 


List of species of the genus Gemmata 


1. Gemmata obscuriglobus Franzmann and Skerman 1985, 
375"" (Effective publication: Franzmann and Skerman 1984, 
266.) 


ob.scu.ri.glo'bus. L. adj. obscurus dark; L. n. globus a sphere; 
N.L. n. obscuriglobus a dark sphere. 


Spherical to pear-shaped cells, 1.4-3.0 x 1.4-3.0 um, 
which form new cells by budding through a narrow attach- 
ment site. Cells contain an inclusion of different phase den- 
sity correlated with a DAPI stain- positive DNA-containing 
compartment. In thin sections of cryosubstituted cells via 
transmission electron microscopy, the condensed nucleoids 
appear surrounded by an envelope consisting of two closely 
apposed membranes. Gram-stain-negative. Cell wall is pro- 
teinaceous in composition and does not contain detectable 
markers for peptidoglycan such as muramic acid or for 
Gram-stain-negative peptidoglycan such as diaminopimelic 
acid. A discrete holdfast is not produced, and attachement to 
glass surfaces appears to be effected by secreted slime from 


a broad area on the cell. Secreted stalks are not produced. 
Cells are motile by multitrichous flagella, and all cells in a 
motile population appear motile, not only buds. Colony 
color is pink or rose red. Generation time on Staley mainte- 
nance medium (Staley, 1973) at 24°C is about 13 h. Catalase- 
positive. Oxidase-negative. Glucose, galactose, mannose, 
xylose, ribose, rhamnose, melezitose, salicin, and starch are 
utilized as carbon sources but fructose, pyruvate, lactate, ace- 
tate, tartrate, propionate, phthalate, glycerol, mannitol, eth- 
anol, methanol, adonitol, or a large number of amino acids 
are not. The temperature range for growth is 16-35*C. 

DNA G«C content (mol96): 64.4 + 1.0 (T). 

Type strain: DSM 5831, ACM 2246 (originally designated 
UOM 2246 before reassignment of abbreviation for the rel- 
evant culture collection). 

Sequence accession no. (16S rRNA gene): AJ231191, X54522, 
X56305, X85248. 


Genus IV. Isosphaera Giovannoni, Schabtach and Castenholz 1995, 619"? (Effective publication: Giovannoni, 
Schabtach and Castenholz 1987b, 283.) 


RicHARD W. CASTENHOLZ 


[/socystis Borzi 1878 (cyanobacteria)] 


l.so.spha.e'ra. Gr. adj. isos equal; L. fem. n. sphaera ball or sphere; N.L. fem. n. /sosphaera sphere of equal 


Size. 


Spherical cells 2.0-2.5 um in diameter forming chains of indefi- 
nite length, often over 100 cells. Cell division by budding, 
intercalary or terminal. No branching occurs. Capsules are not 
present. Gas vesicles are usually present in all cells, mostly in 
one cluster (gas vacuole or *pseudovacuole"). Resting cells are 
not known. Gram variable. Motility by gliding; pili present, no 
flagella. Phototactic on solid substrate. Strictly aerobic. Temper- 
ature range ~40-55°C in culture. Optimal pH range 7.8-8.8. 
Chemoheterotrophic, aerobic respiratory metabolism. Glu- 
cose, ribose, and lactate utilized as carbon sources. Oligotrophic, 
i.e D-glucose above 0.05% is inhibitory, as is ribose over 0.25%. 
Casamino acids tend to enhance growth, but not adequate as 
the sole carbon source. Carotenoids present; no chlorophyll or 
bacteriochlorophyll present. Cell envelopes are proteinaceous 


with phospholipids containing beta-hydroxylated fatty acids in 
the lipopolysacharide lipid A outer layer. Lipids are ester-linked. 
Peptidoglycan is absent. 

DNA G+C content (mol% ): 62.2. 

Type species: Isosphaera pallida (Woronichin 1927) 
Giovannoni, Schabtach and Castenholz 1995, 619 corrig. 
Euzéby and Kudo 2001, 1938 (Effective publication: Giovan- 
noni, Schabtach and Castenholz 1987b, 283.) (Isocystis pallida 
Woronichin 1927 — as a cyanobacterium; Torulopsidosira pallida 
(Woronochin) Geitler 1963 — as a yeast). 


Further descriptive information 


Cell size is variable in actively growing cultures. Negatively 
stained specimens show no sign of capsules, although cells 


GENUS IV. ISOSPHAERA 


sometimes appear capsulated under phase-contrast microscopy. 
No resting cells are known, but some cells appear refractile. 
Small refractile spheres may be seen in many cells. These are 
clusters of gas vesicles (Figure 176). Intercalary budding of cells 
may also been seen (Figure 176). Numerous pili are visualized 
by transmission electron microscopy (TEM) (Giovannoni et al., 
1987b). Gliding motility is relatively slow (~ 0.05 m/s). Chains 
of cells and entire colonies are phototactic, the latter looking 
like pink “comets” (see Giovannoni et al., 1987b). Motility and 
phototaxis has been demonstrated on plates of 0.4% agarose, 
Gelrite, and 1.5% Bacto-agar. 

Ultrastructure visualized by TEM has shown periodically 
spaced ring-shaped structures on the outer surface of the cell 
wall in negatively stained cells. TEM of thin sections of the 
cell envelope shows two electron-dense layers separated by 
an electron-transparent layer (Figure 177). Cytoplasmic stain- 
ing with 4',6-diamidino-2-phenylindole has shown that the 
DNA is restricted to a distinct region of the cell, surrounded 
by an envelope-like structure resembling a nuclear membrane 
(Figure 178). Cell-wall and lipid composition has been charac- 
terized by Giovannoni et al. (19872) and the polyamine pattern 


FIGURE 176. Phase-contrast photomicrographs of /sosphaera pallida. 
(a) Exponential-phase cells of strain ISIB isolated from Kah-nee-ta 
Hot springs, Oregon. Arrows indicate pair of buds forming between 
adjacent cells. Spherical white bodies are gas vacuoles (clusters of gas 
vesicles). (b). Field specimen from Mammoth Hot Springs, Yellowstone 
National Park. The tightly coiled filament (trichome) is a species of the 
cyanobacterium, Spirulina. Again, the light spots showing in some cells 
of Isosphaera are gas vacuoles. Bars = 10 um. 
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by others (Griepenburg et al., 1999). The DNA G«C content 
is 62.2 mol% (Giovannoni et al., 1987b). At this point, only 
Isosphaera and Gemmata strains have contents of over 60 mol%; 
other members of the Planctomycetales have values lower than 60 
mol% (Griepenburg et al., 1999). 

As with other members of the order Planctomycetales, growth 
of Isosphaera pallida is not inhibited by penicillin G (2338 units/ 
ml) or related antibiotics. 


Ecological comments. Although the initial observations and 
recovery of Isosphaera pallida were from hot springs with rela- 
tively mild temperatures (~37-55°C) and TDS of less than 2 ppt, 
mixed Jsosphaera/cyanobacterial cultures were also collected 


FIGURE 177. Transmission electron micrograph of a thin section of 
Isosphaera pallida showing wall ultrastructure. Bar = 0.5 um. 


FIGURE 178. "Transmission electron micrograph of a thin section of 
Isosphaera pallida showing a late stage bud (center cell). Also note dark 
boundary around nuclear area in two of the cells. Bar = ~0.8 um. 
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from a slightly saline hot spring in Utah (~13 ppt), USA, but 
isolation attempts failed. More recently, /sosphaeralike isolates 
and environmental sequences that also cluster with Jsosphaera 
have been identified from nonthermal environments such as 
leakage water from a compost heap (Wang et al., 2002) and 
also from a municipal wastewater treatment plant (Chouari 
et al., 2003). In the former case, isolates could be grown at 
28°C without supplemental CO,. The original six isolates from 
various hot springs and pools in Wyoming (including Yellow- 
stone National Park) produced gas vesicles in discreet clusters 
(Giovannoni et al., 1987b). Since O, is in lower concentrations 
in warm waters, the gas vesicles of this aerobic bacterium may 
be an adaption that allows a buoyant ascent from bottom mats 
toward surface waters where O, is higher. Little more is known 
of the ecology of Isosphaera species. 


Enrichment and isolation procedures 


Isosphaera pallida has been seen microscopically and isolated 
from numerous North American hot springs including Mam- 
moth Hot Springs and Lower Geyser Basin, both in Yellowstone 
National Park, (Wyoming), Thermopolis hot springs, Wyo- 
ming, and Kah-nee-ta Hot Springs, Oregon, as well as other 
hot springs in North America and Europe (Anagnostidis and 
Rathsack-Künzenbach, 1967; Giovannoni et al., 1987b). 

It invariably occurs in association with cyanobacteria in neu- 
tral to alkaline hot springs within the temperature range of 
35-55*C. It is generally a minor component, but can be identi- 
fied easily by light microscopy. Since it is a chemoheterotroph, 
it is presumably dependent on products released from the 
cyanobacterial primary producers. 

Isosphaera pallida may be isolated by streaking dilute samples 
onto plates of IMC medium (Table 173) and incubated in the 
dark at 45°C under a filter-sterilized mixture of 5% CO, and 95% 
air. Under these conditions, the bicarbonate/CO, buffer system 
maintains a pH of ~7.9. Small (1-2 mm) pink circular colonies 
appear after 1-2 weeks. Colonies are firm and nonviscous. 


TABLE 173. Composition of /sosphaera medium IMC 
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Maintenance in culture 


Isosphaera cultures have been maintained by monthly transfer 
on agar slants of IMC medium at 45°C in an atmosphere of 5% 
CO, (Table 173). These slants may also be stored (after substan- 
tial growth has occurred) at room temperature in air (cotton- 
plugged) for 1 month without losing viability. Viability may also 
be conserved in sealed tubes at —80°C. 


Differentiation of the genus /sosphaera from other genera 


Size and morphological shape are adequate for preliminary iden- 
tification. If in growth phase, the budding of cells may be seen in 
addition to the small glistening spheres that are the clusters of gas 
vesicles (Figure 176). A possible exception are some cyanobacteria 
that form chains of spherical cells (e.g., Nostoc spp.), but normally 
can be distinguished by blue-green to greenish color that reflects 
their content of chlorophyll z and blue or red phycobilin pig- 
ments. The presence of these pigments can also be confirmed by 
autofluorescence under an epifluorescent microscope. There are 
still some biologists who believe that the original */socystis pallida” 
(described as a cyanobacterium), from which Isosphaera pallida was 
renamed, still exists as a cyanobacterium with the identical mor- 
photypic characteristics of /sosphaera (e.g., Hindak, 2001), but the 
cyanobiologists Komárek and Anagnostidis (2005) have left this 
possibility open. It is obvious from physiological data, lack of chlo- 
rophyll, and the 16S rRNA sequences, that Jsosphaera is definitely 
related to the Planctomycetales and not to the cyanobacteria. 
Colonies of /sosphaera are pale pink, but filaments show no color 
under a light microscope unless en masse. Gemmata, Pirellula, and 
Planctomyces comprise the other cultured members of this order. 
None of these three genera bear a resemblance to Jsosphaera mor- 
phologically and none are filamentous, but they do have in com- 
mon a membrane-like boundary around the nucleoid. 


Taxonomic comments 


The 165 rRNA gene sequence (1460 bp) of the original strain 
IS1B of Isosphaera pallida from Kah-nee-ta Hot Springs is available 


Solution/medium Ingredient Concentration/quantity 
Solution A* CaCl,-2H,O 0.32 g/l 

MgSO,:7H,O 0.40 g/l 

KCl 0.50 g/l 

NaCl 1.00 g/l 

(NH,),SO, 0.50 g/l 

KH,PO, 0.30 g/l 

FeCl, 0.292 mg/l 

Micronutrient solution? 10 ml/l (make up with 1 1 distilled H,O), then autoclave 
Solution B NaHCO, 42 g/l (sterilize by autoclaving, followed by sparging with sterile CO, for 1 h) 
IMC medium Solution A (sterile) 250 ml 


Distilled H,O (sterile) 
Sterile solution B 

p-Glucose (final conc.) 
Casamino acids (final conc.) 


Vitamin mix‘ 


650 ml, then add: 

100 ml, plus 

0.025% (filter-sterilized) 
0.025% (filter-sterilized) 
0.5 ml/l (filter-sterilized) 


“Adjust solution A to pH 7.6 with NaOH (store at 4°C until autoclaved). 


"Use any commonly used micronutrient solution (see Castenholz, 1988). 


‘The vitamin solution contains (per ml) nicotinic acid, 2 mg; thiamine HCl, 1 mg; paminobenzoic acid, 0.2 mg; biotin, 0.02 mg; and B,,, 0.02 mg. 


GENUS V. PIRELLULA 


from GenBank (accession no. X64372). A partialsequence (2779 
bp) of the 23S rDNA of another culture strain is also available, 
as well as 16S rDNA sequences of other strains and of the trans- 
lational elongation factor-Tu (tuf) gene. Phylogenetic trees place 
Isosphaera pallida and other Isosphaera-like relatives distinctly 
within the order Planctomycetales but only distantly related to 
other members of the order such as Gemmata, Pirellula, and Planc- 
tomyces (Chouari et al., 2003; Wang et al., 2002). A comparative 
analysis of ribonuclease P RNA of the cultured members of the 
Planctomycetes was completed by Butler and Fuerst (2004). The 
tRNA processing endonuclease ribonuclease P contains a highly 
conserved and required RNA molecule (RNase P RNA) that is 
the catalytic subunit of the enzyme. They were able to show how 
the secondary structures of RNase P RNA differed in Isosphaera 
pallida (and a related Isosphaeradike isolate) from isolates of Pirel- 
lula, Planctomyces, Gemmata, and Gemmata-like strains. 

"Isocystis pallida” Woronichin 1927 was described as pale 
blue-green in color, but otherwise morphologically the same as 
Isosphaera pallida. The original collection was from warm springs 
in the Caucasus. Because of the budding nature of the cells, 
Geitler (1963) reclassified “Jsocystis pallida’ and other species 
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of “Jsocystis” as yeasts (thereby conceding they were nonphoto- 
synthetic). Anagnostidis and Rathsack-Kunzenbach (1967), who 
were very familiar with these same morphotypes from hot springs 
in Greece, concluded that “Jsocystis pallida’ was a cyanobacte- 
rium. A weak red epifluorescence was seen in some of their col- 
lections. This fluorescence was not seen in the North American 
collections and cultures. If their collections were mixed with 
highly fluorescent cyanobacteria, there is commonly a “spill- 
over” that appears to give fluorescence to nonfluorescent cells. 


Further reading 


Giovannoni, S.J. and R.W. Castenholz. 1989. Genus “Isosphaera” 
Giovannoni, Schabtach and Castenholz. Jn Bergey's Manual of 
Systematic Bacteriology, vol. 3 (edited by Staley, Bryant, Pfen- 
nig and Holt). Williams & Wilkins, Baltimore, pp. 1959-1961. 

Staley, J.T., J.A.F. Fuerst, S. Giovannoni and H. Schlesner. 1992. 
The order Planctomycetales and the genera Planctomyces, Pirellula, 
Gemmata and Isosphaera. In The Prokaryotes: a Handbook on 
the Biology of Bacteria: Ecophysiology, Isolation, Identification, 
Applications, 2nd edn, vol. 4 (edited by Balows, Trüper, Dworkin, 
Harder and Schleifer). Springer, New York, pp. 3710-3731. 


List of species of the genus /sosphaera 


1. Isosphaera pallida (Woronichin 1927) Giovannoni, Schab- 
tach and Castenholz 1995, 619V" corrig. Euzéby and Kudo 
2001, 1938 (Effective publication: Giovannoni, Schabtach 
and Castenholz 1987b, 283.) (Jsocystis pallida Woronichin 
1927 — as a cyanobacterium; Torulopsidosira pallida (Worono- 
chin) Geitler 1963 — as a yeast) 


pal'li.da L. fem. adj. pallida pale. 


Only one species has been isolated and described in 
detail. Therefore, the characteristics are those described for 
the genus above. Other strains have been isolated but not 
systematically. Some probably represent other species of this 
genus (Griepenburg et al., 1999; Wang et al., 2002). 

DNA G+C content (mol 96): 62.2 (Bd). 

Type strain: IS1B, ATCC 43644, DSM 9630. 

Sequence accession no. (16S rRNA gene): AJ231195, X64372. 


Genus V. Pirellula Schlesner and Hirsch 1987, 441”? emend. Schlesner, Rensmann, Tindall, Gade, Rabus, 
Pfeiffer and Hirsch 2004, 1577 


JOHN A. FUERST AND MARGARET K. BUTLER 


Pi.rel'lu.la. L. n. pirum pear; L. fem. dim. ending -ella; L. fem. dim. ending -ula; N.L. fem. n. Pirellula very small 


pear, referring to the shape of the bacterium. 


Pear or teardrop-shaped cells with one pointed attachment 
pole, 0.5-3.0 x 1.0-5.0 um. Gram-stain-negative. Cells do not 
possess a stalk, but may form a fibrillar holdfast. Frequently 
form rosettes by attachment with the pointed cell pole. The 
holdfast occurs on one pole of the cell (the narrow pole of ovoid 
cells) and facilitates attachment to other cells to form rosettes. 
Crateriform structures are distributed at one pole only. Repro- 
duction is solely by bud formation. Buds are formed at or near 
the opposite, wider pole which thus constitutes the reproduc- 
tive pole. Newly formed buds are motile by polar to subpolar 
monotrichous flagella. When thin sectioned cells prepared via 
cryosubstitution are examined via electron microscopy, they 
display a characteristic organization including a major cell 
compartment, the pirellulosome, in which ribosomes and a 
condensed nucleoid are enclosed by an intracytoplasmic mem- 
brane, and a ribosome-free paryphoplasm region between this 
intracytoplasmic membrane and the closely apposed cytoplas- 
mic membrane and cell wall. Chemoorganotrophic; obligately 
aerobic. The original description was emended following the 
description of Rhodopirellula and Blastopirellula to include more 
recent data (Schlesner et al., 2004). The major polyamine is sym- 
homospermidine. The major respiratory lipoquinone present is 


MK-6. The major phospholipid present is phosphatidylglycerol. 
A number of other lipids are present that have characteristic R. 
values, but whose structures are not currently known. The lipid 
pattern is characteristic. The major fatty acids present are C 
Cis: @7, C, C, 99, C, 07, Ciso and C, oll. 

DNA G+C content (mol96): 56.4 + 0.4 to 59.0 (T... Bd). 

Type species: Pirellula staleyi Schlesner and Hirsch 1987, 441V* 
emend. Schlesner, Rensmann, Tindall, Gade, Rabus, Pfeiffer 
and Hirsch 2004, 1577. 


14:0? 


Further descriptive information 


Cells of Pirellula staleyi share with Rhodopirellula baltica and Blas- 
topirellula marina a similar compartmentalized cell structure 
when thin sections of cells prepared via cryosubstitution are 
viewed by transmission electron microscopy (Lindsay et al., 
2001). The condensed nucleoid and ribosome-like particles 
are contained within a single intracytoplasmic membrane 
forming a pirellulosome organelle. A ribosome-free parypho- 
plasm region lies between the intracytoplasmic membrane and 
the cytoplasmic membrane closely apposed to the cell wall, 
often forming a ribosome-free polar cap at one end of the cell 
(Figure 179). Crateriform structures, electron-dense pits on the 


904 


y 


FIGURE 179. Transmission electron micrograph of thin sectioned cry- 
osubstituted cell of Pirellula staleyi ATCC 27377 showing pirellulosome 
(PI) containing condensed nucleoid (N) and ribosome-like particles, 
surrounded by a single intracytoplasmic membrane (ICM), and the 
ribosome-free paryphoplasm (P) surrounding the pirellulosome and 
forming a polar cap at one end of the cell. Bar = 0.1 um. 


0.5um 


FIGURE 180. Transmission electron micrograph of negatively stained 
Pirellula strain ATCC 35122 showing polar distribution of crateriform 
structures on same pole as fimbriae appendages. Bar = 0.5 um. 


cell surface of planctomycetes, are distributed over one pole only 
(Figure 180), and in Pirellula staleyi appear to extend over only 
less than half the cell surface in contrast to Blastopirellula. The 
cell wall, as in other planctomycetes which have been exam- 
ined, is proteinaceous, with amino acids accounting for 82% 
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FIGURE 181. Transmission electron micrograph of thin section of 
cryosubstituted cell of Pirellula strain ATCC 35122, showing internal 
pirellulosome containing a condensed nucleoid surrounded by single 
intracytoplasmic membrane and polar cap, and humpdike prosthecate 
protrusions of wall and paryphoplasm on both sides of the cell. Bar = 
200 nm. 


of isolated cell-wall dry weight in the type strain ATCC 27377 
(Liesack et al., 1986). Unlike Rhodopirellula baltica, the polar 
cap region in Pirellula staleyi does not appear to possess further 
small membrane-bounded ribosome containing regions. Both 
the type strain ATCC 27377 and the strain ATCC 35122 (which 
shares 10096 16S rRNA identity with the type strain) display one 
or two pointed-humplike protrusions that are opposite each 
other on the cell in the case where two are visible, constitut- 
ing prosthecae visible at the electron microscope level (Figure 
181). The type strain ATCC 27377 and another closely related 
strain ATCC 35122 attach to glass surfaces when grown in broth, 
consistent with potential habitat as periphyton. 

Of the type strains of the three “Pirellula-group” genera, Pirel- 
lula staleyi, Rhodopirellula baltica, and Blastopirellula marina, only Rho- 
dopirellula baltica is pigmented pink to red. However, it is possible 
that pigmented strains of Pirellula occur, as ICPB 4232 (a so-called 
“morphotype IV” strain of freshwater planctomycete cultures) 
from which ATCC 35122 with 100% identity in 16S rRNA sequence 
to ATCC 27377 was derived as a nonpigmented subclone, was 
reported to produce brown colonies (Tekniepe et al., 1981). 


Enrichment and isolation procedures 


Pirellula staleyi was originally isolated from freshwater (Lake 
Lansing, Michigan, USA) by adding 100 ml of freshwater sam- 
ple to a sterile 150 ml beaker containing 10 mg peptone and 
incubating at room temperature (Staley, 1973). After approxi- 
mately a month incubation, 0.1 ml of a 1:100 dilution of this 
enrichment was spread onto a peptone yeast extract medium 
(0.025% each of peptone, yeast extract, and glucose in a vita- 
min mineral salts medium) and incubated for 3 weeks, after 
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which light yellow pigmented colonies containing budding 
bacteria appeared and were restreaked on the same medium. 
Pirellula staley-like organisms have also been isolated from fresh- 
water sources such as Campus Lake, Baton Rouge, Louisiana 
(Tekniepe et al., 1981), the source of ATCC 35122 which shares 
100% 16S rRNA sequence identity with ATCC 27377. These 
organisms were isolated by streaking and patch-plating of colo- 
nies appearing only after 5-7 d on Medium II agar of Schmidt 
and Starr containing 0.04% peptone, 0.02% yeast extract, 5-10 
mM MgCI,, and Hutner’s vitamin-free mineral base (Schmidt 
and Starr, 1981). 

These approaches can be combined with a selective one 
employing peptidoglycan synthesis-inhibiting antibiotics such 
as ampicillin and/or protein-synthesis inhibiting antibiotics 
such as streptomycin as used for planctomycete isolation by 
Schlesner (1994) and Wang et al. (2002). Pirellula-ike strains 
including nonpigmented ones were isolated from freshwater 
sources by Schlesner (1994) using Macetylglucosamine (2.0 
g/l) as sole carbon and nitrogen source and ampicillin and 
cycloheximide (0.00296 each) as selective agents against other 
bacteria and fungi, respectively. 


Maintenance procedures 


The type strain, ATCC 27377, can be maintained for at least 
6 months at ca. 4°C on a medium (Staley, 1968; Van Ert and 
Staley, 1971) containing 0.5% Bacto-peptone, 0.05% yeast extract, 
vitamin and mineral salts solutions, and 1.5% Difco agar (Staley, 
1973). It has been preserved via freeze-drying and at -70°C in 
Protect (Technical Service Consultants, Ltd) commercial vials. 
It grows well on Caulobacter tap water agar (ATCC Medium 36 — 
Caulobacter medium) at 26-28*C. ATCC 35122 can be grown 
on Caulobacter tap water agar or M1 agar (Schlesner, 1994) at 
26-28°C. Cells are weakly inhibited by artificial light at 2400 Ix. 


Differentiation of the genus Pirellula from other genera 


Features distinguishing Pirellula from the morphologically simi- 
lar Blastopirellula and Rhodopirellula are summarized in Table 
174. For example, Pirellula staleyi has only limited tolerance to 
artificial sea water and hydrolyzes casein, unlike Blastopirellula 
and Rhodopirellula, and the major fatty acid composition is char- 
acteristic (e.g., relatively high percentage of C,,, 11). Pirellula 
can be distinguished from Planctomyces and Gemmata on the basis 
of its mature cell shape as teardrop to pear-shaped (rather than 
spherical to ovoid) with the attachment pole slightly pointed, the 
absence of a stalk (relative to Planctomyces), and the presence of 
crateriform structures on one cell pole only (claimed to be the 
reproductive cell pole) (Schlesner and Hirsch, 1984) relative to 
Planctomyces and Gemmata where these are distributed uniformly 
over the cell surface. Pirellula can be distinguished from Gemmata 
on the basis of the absence in thin sections of cryosubstituted 
cells of any double membrane-bounded nuclear body within 
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the pirellulosome of Pirellula, but it shares this simple type of 
pirellulosome with Blastopirellula and Rhodopirellula. Pirellula is 
distinguished from Blastopirellula and Rhodopirellula on the basis 
of the high sodium chloride and calcium requirements of the 
latter (12-175% and 12-200% artificial seawater, respectively) 
relative to the limited tolerance (0-50% artificial sea water) 
of Pirellula staleyi to artificial sea water (Schlesner et al., 2004). 
Colonies of Rhodopirellula are pink to red, but those of Pirellula 
are unpigmented DNA base composition is of limited value in 
distinguishing Pirellula from  Blastopirellula and Rhodopirellula. 
Pirellula staleyi type strain has a DNA G+C content varying with 
author from 56 to 59 mol% (Schlesner and Hirsch, 1984), and 
this overlaps with those of Rhodopirellula baltica (53-57 mol% 
(Schlesner et al, 2004) and Blastopirellula marina (53.6-57.4 
mol% (Schlesner, 1986). 

16S rRNA gene sequence similarity values are of significance 
in delineating this genus, but the extent cannot be defined at 
present, since strains with less than 9596 sequence similarity to 
members of this genus should probably be placed in separate 
genera (Schlesner et al., 2004). 


Taxonomic comments 


The type strain ATCC 27377, originally isolated from Lake Lan- 
sing, Michigan, had been assigned to Pasteuria ramosa on the 
basis of a morphological resemblance to a bacterial parasite 
of cladoceran invertebrates in the genus Daphnia isolated by 
Metchnikoff in the nineteenth century (Staley, 1973). Again on 
the basis largely of morphological characteristics, ATCC 27377 
was reassigned (Starr et al., 1983) to the genus Planctomyces as 
Planctomyces staleyi, and then, on the basis of 16S rRNA oligo- 
nucleotide analysis and DNA base composition, to the genus 
Pirella (Schlesner and Hirsch, 1984). Pirella was later rejected 
as a name (Schlesner and Hirsch, 1987) due to homonymy 
with the name of a fungus Pirella Bainier 1883, therefore ATCC 
27377 was proposed as the type strain of the new genus Pirellula, 
initially including Pirellula staleyi and Pirellula marina. Finally, 
the genus Pirellula was emended by Schlesner et al. (2004) fol- 
lowing the description of the two new genera Blastopirellula to 
include the former Pirellula marina and Rhodopirellula to include 
the new species Rhodopirellula baltica. Pirellula staleyi is thus now 
the only described species of the genus. 

Strain ATCC 35122 was isolated (designated ICPB 4362) as 
a “white” nonpigmented subclone of ICPB 4232, originally 
isolated from freshwater Campus lake, Baton Rouge, Louisiana, 
which tended to form brown colonies with age (Tekniepe et al., 
1981). It displays 100% 16S rRNA sequence identity with ATCC 
27377 (Butler et al., 2002) and shares crateriform structure dis- 
tribution, ultrastructural compartmentalization features, and 
hump-like protrusions with ATCC 27377 (Butler et al., 2002), 
forming a second culture collection reference culture of a 
member of genus Pirellula. 


List of species of the genus Pirellula 


1. Pirellula staleyi Schlesner and Hirsch 1987, 441%? emend. 
Schlesner, Rensmann, Tindall, Gade, Rabus, Pfeiffer and 
Hirsch 2004, 1577 


sta'le.yi. N.L. gen. masc. n. staleyi of Staley, named after James 
T. Staley, who isolated strain ATCC 27377, under the name 
Pasteuria ramosa. 

The description is the same as the genus. Glucose, galac- 
tose, mannose, xylose, ribose, fucose, rhamnose, cellobiose, 


melitzitose, inulin, salicin, starch, dextrin, glucuronic acid, 
Nacetylglucosamine, pyruvate, pectin, lactose, maltose, 
melibiose, raffinose, sucrose, and trehalose are utilized as 
carbon sources. The maximum salt tolerance is 50% artifi- 
cial seawater. 

DNA G+C content (mol % ): 56.4 + 0.4-59.0 (T. Bd). 

Type strain: ATCC 27377, DSM 6068. l 

Sequence accession no. (16S rRNA gene): AJ231183, X81946. 
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Genus VI. Rhodopirellula Schlesner, Rensmann, Tindall, Gade, Rabus, Pfeiffer and Hirsch 2004, 1577"? 


HEINZ ScHLESNER 


Rho.do.pi.rel'lu.la. Gr. neut. n. rhodon a rose; N.L. fem. n. Pirellula name of a bacterial genus; N.L. fem. n. 


Rhodopirellula a red Pirellula. 


Cells are ovoid, ellipsoidal, or pear-shaped, occurring singly or 
in rosettes by attachment at the smaller cell pole. Cells divide 
by budding. Buds are produced directly from the broader cell 
pole of the mother cell. Crateriform structures and fimbriae 
are found in the upper cell region. Cells have intracytoplasmic 
membranous structures. Gram-stain-variable. Buds may have a 
single flagellum inserted subpolarly at the proximal pole. Adult 
cells are immobile. Strictly aerobic. Colonies are pink to red 
in color. Mesophilic. Requires seawater for growth. Nonspore- 
forming. PHB is not stored. Chemoheterotrophic. Carbon and 
energy sources are mainly carbohydrates. Cl-compounds are 
not used. Macetylglucosamine serves as carbon and nitrogen 
source. Catalase- and cytochrome oxidase-positive. The protein- 
aceous cell wall lacks peptidoglycan. The major polyamines are 
putrescine, cadaverine, and sym-homospermidine. The major 
menaquinone is MK-6. The major fatty acids are C,,, 07, Cigo 
Ciz 08, Ciro C,,, 97, Cig 99, and Cgo: The major phospholip- 
ids are phosphatidylcholine and phosphatidylglycerol. 

DNA G+C content (mol 96): 53-57 (HPLC). 

Type species: Rhodopirellula baltica Schlesner, Rensmann, 
Tindall, Gade, Rabus, Pfeiffer and Hirsch 2004, 1577"*. 


Further descriptive information 


Rhodopirellula baltica is the only described species of Rhodopirel- 
lula. Morphologically, it is characterized by a polar organiza- 
tion of the cells. The small cell pole (“holdfast pole") excretes 
a sticky substance of still unknown composition (Figure 182) to 
enable the cell to attach to surfaces or to form rosettes (see 
Figure 171 in the chapter Genus Blastopirellula). The reproduc- 
tive pole produces the bud which grows to a smaller mirror 


cr 


FIGURE 182. Rhodopirellula baltica strain SH1". Cell with extensive 
holdfast (h) production. Crateriform structures (cr) are restricted to 
the reproductive cell pole. Bar = 0.5 um. Negatively stained with phos- 
photungstic acid. 


image of the mother cell. Crateriform structures are distributed 
over the entire cell surface of the buds, however, they are only 
found around the reproductive pole of adult cells. In the same 
area, numerous fimbriae are found. Studies of electron micro- 
scopical images suggest, that the fimbriae originate from the 
crateriform structures (Figure 183). 

Thin cryosubstituted sections of cells showed membranous 
structures surrounding the nuclear material and the majority of 
the ribosomes. Analysis of cross-sections of strain SH 1" as well 
as SH 796 (Gade et al., 2004) revealed several small structures 
in addition to a large central one (Figure 184; Schlesner et al., 
2004). This microscopic appearance differs from that of the 
pirellulosome structure described for Pirellula staleyi and Blas- 
topirellula marina (Lindsay et al., 1997, 2001). 

Adult cells excrete a glycocalix (Figure 185) which might be 
responsible for the positive Gram reaction of adult cells as it 
may retain the dyes. Buds and swarmer cells react negatively, 
and even adult cells give the negative Gram reaction after wash- 
ing. 

The cell wall lacks peptidoglycan and possesses a proteina- 
ceous sacculus instead as has been found in all strains of Planc- 
tomycetales examined so far. This was first reported for several 
strains of Planctomyces and Pirellula (then Pasteuria; Konig et al., 
1984). A more detailed study of the cell-wall composition 
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FIGURE 183. Rhodopirellula baltica strain SH143. Fimbriae (fi) origi- 
nate from crateriform structures (cr). Bar = 0.5 um. Negatively stained 
with phosphotungstic acid. 
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FIGURE 184. Thin section of cryosubstituted cell of Rhodopirellula bal- 
lica strain SH1" displaying intracellular compartmentalization. Mem- 
brane (M) engulfing the pirellulosome like structures. Bar = 0.5 um. 


included the type strain of Rhodopirellula baltica (Liesack et al., 
1986). 

Rhodopirellula is a member of the attached living microflora 
and, in common with several other representatives of such 
immobile bacteria, it produces motile daughter cells, thus 
exhibiting a biphasic life cycle. After ripening, the bud sepa- 
rates from the mother cell and moves away till it attaches to 
a substratum. Then the flagellum is released (Figure 186). In 
case of high cell densities, swarmer cells may form rosettes by 
contact with their holdfast poles. 

Carbohydrates are the main substrates as carbon and energy 
sources. Interestingly, N-acetylglucosamine, the monomer of 
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FIGURE 185. Rhodopirellula baltica strain SH165 negatively contrasted 
with India ink demonstrates slime formation. 


chitin, serves as carbon and nitrogen source; chitinase activity, 
however, was not detected. 

Though Rhodopirellula is quite similar to Pirellula staleyi 
and Blastopirellula marina in morphology and physiology, the 
16S rRNA sequence analysis showed less than 90% similar- 
ity between the type strains of these genera (Table 174). The 
length of the 5S rRNA of Rhodopirellula baltica strain SH1 is in 
the range of that for other planctomyceta, i.e. 109-111 bases 
rather than 118 bases as for the majority of Bacteria and Archaea 
(Bomar et al., 1988). 


Sr 


FIGURE 186. Schematic drawing of the life cycle of Rhodopirellula baltica. For clarity, typical cell structures, such as 
fimbriae and crateriform structures are not shown. (Reproduced with permission from Gade et al., 2005. Environ. 


Microbiol. 7: 1074-1084.) 
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TABLE 174. Characteristics differentiating Pirellula staleyi, Blastopirellula marina, and Rhodopirellula baltica*” 


Pirellula staleyi 


Characteristic ATCC 273771 


Blastopirellula marina Rhodopirellula baltica 


Cell size (um) 0.9-1.0 x 1.0-1.5 


Pigmentation None 
Salinity tolerance (% ASW) 0-50 
Vitamin requirement = 
Carbon source utilization: 
Chondroitin sulfate _ 
Fucose + 
Glutamic acid _ 
Glycerol = 
Hydrolysis of casein + 
Lipase =: 
Polyamines (umol/g dry weight): 
Cadaverine = 
sym-Homospermidine 50.2 
Phosphatidylcholine = 
Putrescine ú 
Spermidine 0.8 
Cell-wall amino acids (molar ratios): 
Cysteine 3.64 
Glutamate 9.04 
Threonine 3.04 
Valine Tos 
Fatty acids (relative % ): 
Ci, 4.9 
Cis, D 
: 16:0 iso i 
C, 07 3.5 
C so 33.8 
C, 08 14.4 
C, 5.8 
Cis 09 26.6 
C, 07 2 
Creo 3.3 
^pa 08 ~ 
Ci, ni 
C 011 15.7 
16S rRNA gene sequence similarity (76) 100/85.0 


to ATCC 27377'/SH 1™ 


DSM 36457 SH 17 
0.7-1.5 x 1.0-2.0 1.0-2.5 x 1.2-2.3 
None Pink to red 
12-175 12-200 

B B, 

+ + 

m = 

+ ER 

+ + 

fs E 

- 15.3 
11.3 19.6 

- + 

- 19.5 
]1.2* 9.24 
11.3* 36.34 
3.8* 9.0? 
2.4* 8.21 

- 0.5 
5.9 0.5 
4.9 - 
4.1 8 
27.5 39.2 

- 4 

- 1.2 
26.6 40.8 
2.3 1.6 
2.5 4.3 
2.6 - 
2 - 
1.2 - 

87.5/87.1 85.0/100 


‘Symbols: +, positive, main component; -, negative, not present; (+), present in small amounts. 


"Data from Table 4 of Schlesner et al. (2004). 
*Griepenburg et al. (1999). 

*Liesack et al. (1986). 

“König et al. (1984). 

‘Ward et al. (1995). 


An unusual characteristic seems to be the large genome 
size. Initial investigations of genome sizes of budding bac- 
teria were performed using DNA renaturation kinetics and 
indicated that the type strain of Rhodopirellula baltica had a 
considerably larger genome than most of the other strains of 
budding bacteria (belonging to the genera Hyphomicrobium, 
Hyphomonas, Filomicrobium, and Pedomicrobium) (Kólbel-Boelke 
et al., 1985). Recently, the complete genome sequence of the 
type strain has been determined (Glóckner et al., 2003) (Gen- 
Bank accession no. BX119912). With a size of 7.145 Mb, it is 
one of the largest circular bacterial genomes known to date. 
The genome contains unexpected genes, e.g., 110 genes pos- 
sibly encoding sulfatases (Glóckner et al., 2003) or archaea-like 
genes for Cl-transfer enzymes (Bauer et al., 2004). It could be 
speculated that growth with chondroitin sulfate, as was recently 


found (Schlesner et al., 2004), may require the activity of a spe- 
cific sulfatase that liberates the carbohydrate moiety. Although 
the organism has a proteinaceous cell-wall, remnants of genes 
for peptidoglycan synthesis were found. Genes for lipid A bio- 
synthesis and homologs to the flagellar L- and P-ring protein 
indicate a former Gram-negative type of cell wall. Genomic 
and proteomic studies have also identified genes involved in 
Nacetylglucosamine metabolism (Rabus et al, 2002) which 
may be a key process in marine systems where Rhodopirellula, 
Blastopirellula, and Planctomyces species are abundant (Glóckner 
et al., 1999; Llobet-Brossa et al., 1998; Schlesner, 1994). 

In proteomic analysis of carbohydrate catabolism and regu- 
lation, almost all enzymes of glycolysis and TCA cycle were 
identified, and almost all enzymes of the oxidative branch of the 
pentose phosphate cycle were detected (Gade et al., 2005a, c). 
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Growth phase dependent changes of protein composition were 
quantitatively monitored. Results indicated an opposing regula- 
tion of TCA and oxidative pentose phosphate cycle, down regu- 
lation of several enzymes involved in amino acid biosyntheses, 
and an up regulation of the alternative sigma factor o" in sta- 
tionary phase (Gade et al., 2005b). 

Rhodopirellula baltica can be considered a marine bacterium 
as it does not grow in freshwater media. Essential components 
of artificial seawater were Ca*, Na*, and Cl. The majority of 
the 25 strains of the species were isolated from the brackish 
water of the Kiel Fjord (Baltic Sea) over a period of 25 years, 
suggesting that these bacteria belong to the autochthonous 
microbial community of the habitat (Schlesner et al., 2004). 
Interestingly, two strains were isolated from the Mediterranean 
sponge Aplysina aerophoba (Gade et al., 2004), indicating the 
widespread occurrence of the species. In addition, DeLong et al. 
(1993) obtained molecular clones of 16S rRNA gene sequences 
with high similarity to Rhodopirellula baltica from marine snow 
(Pacific Ocean). 


Enrichment and isolation procedures 


Adult cells are normally attached to surfaces and so mainly 
swarmer cells are sampled from the free water column. For this 
reason, an enrichment of cells is necessary before starting iso- 
lation attempts. A method successfully applied is to keep 100 
ml samples in cotton-plugged 250 ml Erlenmeyer flask over a 
sediment of 10 g chitin in the laboratory at room temperature 
(20-23°C) for 3 weeks before streaking over agar-solidified 
media. The use of Macetylglucosamine as sole carbon and 
nitrogen source (M30) will reduce the number of upcoming 
colonies considerably. Further reduction can be achieved by 
adding filter-sterilized antibiotics affecting the development of 
peptidoglycan, e.g., ampicillin (0.002%, w/v), to the medium 
after autoclaving. Addition of 0.002% cycloheximide reduces 
the growth of fungi. Incubation temperature should not 
exceed 28°C. Upcoming pigmented colonies are examined 
microscopically. This is conveniently done by the tooth-pick 
procedure (Hirsch et al., 1977; Schlesner, 1994). A colony is 
touched with a sterile tooth-pick and transferred to a master 
plate (Petri dish with a grid on the backside and filled with 
the same solidified medium) and then to a labeled glass slide. 
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If microscopic observation of the slide reveals cells morpho- 
logically similar to Rhodopirellula species, the inoculum on the 
master plate is labeled, cultivated, and purified by subsequent 
streaks on solidified medium. Suitable media are M13a*, M13f", 
or M30}. 


Maintenance procedures 


The strains grown on slants can be kept at 4—5°C for at least 3 
months. They are easily revived from lyophilized cultures and 
can be stored at —70°C in a solution of 50% glycerol in the cul- 
ture medium. 


Differentiation of the genus Rhodopirellula 
from other genera 


Major differentiating properties are shown in Table 174. 


Further reading 


Fuerst, J.A. 1995. The planctomycetes: emerging models for 
microbial ecology, evolution and cell biology. Microbiology 
141: 1493-1506. 

Gade, D., J. Thiermann, D. Markowsky and R. Rabus. 2003. 
Evaluation of two-dimensional difference gel electropho- 
resis for protein profiling. Soluable proteins of the marine 
bacterium Pirellula sp strain 1. J. Mol. Microbiol. Biotec. 
5: 240-251. 

Neef, A., R. Amann, H. Schlesner and K.-H. Schleifer. 1998. 
Monitoring a widespread bacterial group: in situ detection 
of planctomycetes with 16S rRNA-targeted probes. Microbiol- 
ogy 144: 3257-3266. 

Sittig, M. and H. Schlesner. 1993. Chemotaxonomic investiga- 
tion of various prosthecate and/or budding bacteria. Syst. 
Appl. Microbiol. 76: 92-103. 

Ward, N., J.T. Staley, J.A. Fuerst, S.J. Giovannoni, H. Schlesner 
and E. Stackebrandt. 2004. The order Planctomycetales, includ- 
ing the genera Planctomyces, Pirellula, Gemmata, and Isosphaera, 
and the Candidatus genera Brocadia, Kuenenia, and Scalin- 
dua. In The Prokaryotes: an Evolving Electronic Resource 
for the Microbiological Community, 3rd edn, release 3.18 
(edited by Dworkin, Falkow, Rosenberg, Schleifer and Stack- 
ebrandt). Springer, New York. 


List of species of the genus Rhodopirellula 


1. Rhodopirellula baltica Schlesner, Rensmann, Tindall, Gade, 
Rabus, Pfeiffer and Hirsch 2004, 1577V* 


bal'ti.ca. N.L. fem. adj. baltica pertaining to the Baltic Sea, 
the place of isolation. 


Cells are 1.0-2.5 x 1.2-2.3 um in size. A single flagellum is 
subpolarly inserted at the proximal pole. Colonies are round, 
smooth, and pink to red in color. Growth is optimal between 
28 and 30°C. No growth is observed above 32°C. Vitamin B,,, 
Ca**, Nat, and Cl are required for growth. Strictly aerobic. 
Glucose is not fermented, nitrate cannot serve as an electron 
acceptor. Other characters are listed in Table 175. 

The circular genome contains 7.145 MB. The chemical 
composition is identical to that in the genus description. 

Source. brackish water of Kiel Fjord (Baltic Sea). 


DNA G+C content (mol96): 55 (HPLC). 
Type strain: SH 1, DSM 10527, IFAM 1310, NCIMB 13988. 
Sequence accession no. (16S rRNA gene): X81938. 


*Medium 13a (Schlesner, 1994) (g/l or ml/1)): peptone, 0.25; yeast extract, 0.25; 
glucose, 0.25; artificial seawater (ASW; Lyman and Fleming, (1940)), 500; vita- 
min solution no. 6 (Staley, 1968), 10; Hutner's basal salts medium (HBM; Cohen- 
Bazire et al., (1957)) 20; 0.1 M Tris/HCI pH 7.5, 50 ml; distilled water, 420. 
"Medium 13f (Schlesner et al., 2004): (g/l or ml/1)): peptone, 0.75; yeast extract, 
0.75; glucose, 5.0; artificial seawater (ASW; Lyman and Fleming, (1940)), 250; vita- 
min solution no. 6 (Staley, 1968), 10; Hutner's basal salts medium (HBM; Cohen- 
Bazire et al., (1957)) 20; 0.1 M Tris/HCI pH 7.5, 50 ml; distilled water, 670. 
‘Medium 30 (Staley et al., 1992): (g/l or ml/1)): Nacetylglucosamine, 2.0; artifi- 
cial seawater (ASW; Lyman and Fleming, (1940)), 250; vitamin solution no. 6 (Staley, 
1968), 10; Hutner's basal salts medium (HBM; Cohen-Bazire et al., (1957)) 20; 0.1 
m Tris/HCl pH 7.5, 50 ml; distilled water, 670. 
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TABLE 175. Characteristics of Rhodopirellula baltica’ 


FAMILY I. PLANCTOMYCETACEAE 


Characteristic 


Carbon source utilization: 


N-Acetylglucosamine, amygdalin, cellobiose, chondroitin sulfate, dextrin, esculin, fructose, + 


galactose, gluconate, glucose, glucuronate, glycerol, lactose, lyxose, maltose, mannose, 
melibiose, melezitose, raffinose, rhamnose, ribose, salicin, sucrose, trehalose, xylose 


Acetate, adipate, adonitol, alanine, arabitol, arginine, asparagine, aspartate, benzoate, caproate, _ 


citrate, cysteine, cystine, dulcitol, erythritol, ethanol, formate, fucose, fumarate, glutamate, 
glutamine, glutarate, glycine, histidine, indole, inositol, inulin, isoleucine, lactate, leucine, 


lysine, malate, mannitol, methanol, methionine, methylamine, methylsulfonate, norleucine, 


ornithine, 2-oxoglutarate, pectin, phenylalanine, phthalate, proline, propionate, pyruvate, 
serine, sorbitol, sorbose, succinate, tartrate, threonine, tryptophan, tyrosine, urea, valine 


Nitrogen source utilization: 


N-Acetylglucosamine, ammonium, Casamino acids, gelatin, nitrate, peptone, yeast extract + 


Nicotinate, urea 
Hydrolysis of: 
Esculin, gelatin, starch 
Alginate, casein, cellulose, chitin Tween 80 
Hemolytic activity with blood of: 
Calf, horse, sheep 
Activity of: 
Catalase, cytochrome oxidase 
Urease 
Production of: 
H,S 
Acetoin, indole 
Sensitivity to: 
Tetracycline 
Ampicillin, penicillin, streptomycin 


“Symbols: +, >85% positive; —, 0-15% positive. 


Genus VII. Schlesneria Kulichevskaya, Ivanova, Belova, Baulina, Bodelier, Rijpstra, Sinninghe Damsté, 
Zavarzin and Dedysh 2007, 2685"? 


SveTLANA N. Depysh, IRINA S. KULICHEVSKAYA AND GEORGE A. ZAVARZIN 


Schles.ne’ri.a. N.L. fem. n. Schlesneria named after the German microbiologist Heinz Schlesner 
in recognition of his work on planctomycete diversity and ecology. 


Ellipsoid-shaped cells, occurring singly, in pairs, or in rosettes. 
Free cell poles are covered with crateriform surface structures 
and possess an unusual spur-like projection. Encapsulated. 
Reproduce by budding. Gram-stain-negative. Adult cells are 
immobile. Daughter cells are motile by means of two subpolar 
flagella. No resting stages known. Stalk-like structures are short 
and rarely observed. Chemoorganotrophic aerobes. Capable 
of growth in microaerobic conditions. Colonies are small and 
nonpigmented. Various carbohydrates or Nacetylglucosamine 
are the preferred substrates. No growth factors are required. 
Organic nitrogen compounds, ammonium, nitrate, and some 
amino acids serve as nitrogen sources. Possess hydrolytic capa- 
bilities. Oxidase- and catalase-positive. Urease-negative. Dissim- 
ilatory nitrate reduction is positive. Mesophilic and moderately 
acidophilic bacteria growing in the pH range of 4.2-7.5, with 
an optimum at pH 5.0-6.2. Sensitive to NaCl. This genus is a 
member of the phylum Planctomycetes, order Planctomycetales, 
family Planctomycetaceae. Acidic wetlands are the main habitat. 

DNA G+C content (mol 96): 54.4—56.5. 

Type species: Schlesneria paludicola Kulichevskaya, Ivanova, 
Belova, Baulina, Bodelier, Rijpstra, Sinninghe Damsté, Zavarzin 
and Dedysh 2007, 2686". 


Further descriptive information 


A single species, Schlesneria paludicola, has been described based 
on characterization of three independent isolates (Kulichevs- 
kaya et al, 2007). These strains possess ellipsoidal cells that 
occur singly or in pairs or are arranged in rosettes (Figure 187). 
Mature cells are 0.6-1.5 um x 1.3-2.1 um; they are immobile and 
reproduce by budding. After separation from the mother cells, 
the buds display high motility due to possession of subpolar fla- 
gella. In most cases, two flagella per cell are observed. Thin sec- 
tions reveal a characteristic type of cell organization in which a 
single membrane separates the cytoplasm into two major com- 
partments. The nucleoid and most ribosomes are located in one 
of these compartments. Examination of negatively stained cells 
using electron microscopy shows the presence of crateriform 
pits which display a polar distribution and cover approximately 
one-third of the cell surface (Figure 187). An unusual spur-like 
projection is located on one pole of the cell which gives a cell 
shape somewhat similar to a lemon. In addition, the cell surface 
is covered with numerous, 4-8 nm thick, fimbria-like fibrillar 
structures and 10-15 nm thick fibrillar appendages. Some cells 
in cultures are connected to each other by means of stalk-like 
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FIGURE 187. (a, b) Phase-contrast micrographs of mature and budding single cells (a) and rosettes (b) of Schle- 
sneria paludicola. (c) Electron micrograph of negatively stained cells displaying crateriform surface structures with 
polar distribution and a polar lemon-shaped cell projection. C, Crateriform structures; SP, spur-like projection. 
Bars = 10 um (a and b) and 0.5 um (c). [(c) Printed with permission of Olga I. Baulina.] 


structures, which resemble the bundles of twisted fibrils. How- 
ever, these structures are short, rarely observed, and cannot be 
discerned by observation with the phase-contrast microscope. 

On agar media, visible growth of Schlesneria paludicola appears 
after 2-3 weeks of incubation at 24°C. Colonies are small 
and uncolored. Members of the genus Schlesneria are aerobic 
chemoorganotrophs. Best growth is observed on media with 
carbohydrates or N-acetylglucosamine. All strains are also capa- 
ble of slow growth on media with various biopolymers. Repre- 
sentatives of Schlesneria paludicola are able to reduce nitrate to 
nitrite. They are moderately acidophilic (pH range of 4.2-7.5) 
and mesophilic (temperature range of 4—32*C) organisms. 
High sensitivity to NaCl reflects adaptation of these bacteria to 
dilute environments such as ombrotrophic peat bogs. 

Cells of Schlesneria paludicola contain menaquinone-6 (MK-6) 
as the predominant isoprenoid quinone. The major fatty acids 
are Ciso (43.5-49.6%) and C,,, o7c (40.3-46.8%); the major 
neutral lipids are »-C,, polyunsaturated alkenes, zn-C, —2,25- 
diols, and n-C, ,-2,23-diols. 


Enrichment and isolation procedures 


Microbial biofilms enriched with cells of Schlesneria paludicola 
and other peatinhabiting planctomycetes can be obtained by 
using the water agar-coverslip technique developed by Hirsch 
et al. (1977). Sterile glass coverslips are inserted vertically 
into a sterile water agar layer in Petri dishes. The plates are 
then inoculated with 10-15 ml of peat water and incubated in 
the dark at 15-24^C for 1-2 months. Periodically, a few cov- 
erslips are taken out and subjected to examination by means 
of fluorescence in situ hybridization (FISH) with oligonucle- 
otide probes specific for the Planctomycetes (Neef et al., 1998) 
to monitor development of the target bacteria as described by 
Dedysh et al. (2006) and Kulichevskaya et al. (2006). When 
good growth of planctomycetes is observed on these coverslips, 
replicates are taken out for agar streak isolation. The latter is 
performed using agar medium M31 (modification of medium 
31 described by Staley et al., 1992) containing (g per liter of dis- 
tilled water) KH,PO,, 0.1; Hutner’s basal salts, 20 ml; Macetylg- 
Iucosamine, 1.0; Na-ampicillin, 0.2; peptone, 0.1; yeast extract, 
0.1; agar-agar (Difco), 18, pH 5.5-5.8. Incubation is at 20-24^C 
for 1-2 months. The colonies appearing on the plates are 


randomly picked for FISH-based identification and examina- 
tion by phase microscopy for the presence of ellipsoidal cells 
arranged in pairs or in rosettes. This procedure is continued 
until individual colonies of target bacteria are ultimately iden- 
tified and obtained in pure culture. 


Maintenance procedures 


Strains can be maintained on agar medium M31 by subcul- 
turing once in 2-3 months. Alternatively, they can be kept in 
liquid medium M31 with 10% glycerol at -70°C or stored by 
lyophilization. 


Differentiation of the genus Schlesneria from other genera 


Table 176 lists characteristics of Schlesneria that differentiate it 
from other aerobic budding bacteria that lack peptidoglycan. 
Cell shape and formation of rosettes makes Schlesneria different 
from Isosphaera, Singulisphaera, and Gemmata. High sensitivity to 
NaCl distinguishes it from Pirellula, Blastopirellula, and Rhodop- 
irellula. With the only exception of Singulisphaera, the capability 
to grow at pH below 5.0 distinguishes Schlesneria from all other 
currently known planctomycetes. Finally, the absence of long 
stalks and minor amounts of C,,, @9c in the fatty acid profile 
helps to differentiate Schlesneria from Planctomyces. 


Taxonomic comments 


Comparative sequence analysis of the 16S rRNA gene shows 
that Schlesneria paludicola is a member of the phylum Plancto- 
mycetes and belongs to a phylogenetic lineage defined by the 
genus Planctomyces. Highest 16S rRNA gene sequence related- 
ness (8796) is displayed with Planctomyces limnophilus (Hirsch 
and Müller, 1985). Other validly described cultured species of 
the genus Planctomyces, i.e. Planctomyces maris (Bauld and Staley, 
1976) and Planctomyces brasilensis (Schlesner, 1989), show lower 
levels of 16S rRNA gene relatedness (84-86%). 

Three taxonomically described strains of Schlesneria palu- 
dicola were isolated from acidic Sphagnum-dominated boreal 
wetlands of northern Russia. Two other phylogenetically 
related (97.5-97.8% 16S rRNA gene sequence similarity) but 
taxonomically uncharacterized planctomycetes, strains Schle- 
sner 638 and 642, were isolated from compost leakage water 
(Schlesner, 1994). 
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List of species of the genus Schlesneria 


1. Schlesneria paludicola Kulichevskaya, Ivanova, Belova, Bau- 
lina, Bodelier, Rijpstra, Sinninghe Damsté, Zavarzin and 
Dedysh 2007, 2686" 


pa.lu.di.co'la. L. n. palus, -udisa marsh, bog; L. suff. cola (from L. 
n. incola) inhabitant, dweller; N.L. n. paludicola a bog-dweller. 


Description as for the genus with the following additional 
information. Colonies are circular, smooth, raised, opaque, 
uncolored, 1-3 mm in diameter. Carbon sources (0.0596, w/v) 
include glucose, Macetylglucosamine, cellobiose, maltose, 
sucrose, trehalose, fucose, and salicin. Capable of hydrolyz- 
ing fucoidan, laminarin, esculin, pectin, chondroitin sulfate, 
pullulan, gelatin, and xylan. Nitrogen sources (0.0596, w/v) 


are ammonia, nitrate, N-acetylglucosamine, Bacto peptone, 
Bacto Yeast Extract, alanine, aspartate, glutamine, and thre- 
onine. Growth factors are not required, but yeast extract 
slightly increases the growth rate. Members of this species 
are resistant to ampicillin, streptomycin, chloramphenicol, 
lincomycin, and novobiocin, but are sensitive to neomycin, 
kanamycin, and gentamicin. Optimal growth occurs at pH 
5.0-6.2 and at temperatures 15 — 26°C. NaCl inhibits growth 
at concentrations above 0.596 (w/v). 

DNA G+C content (mol96): 54.4—56.5 (T). 

Type strain: MPL7, ATCC BAA-1393, VKM 2452. 

Sequence accession no. (16S rRNA gene): AM162407. 


Genus VIII. Singulisphaera Kulichevskaya, Ivanova, Baulina, Bodelier, Sinninghe Damsté and Dedysh 2008, 1191” 


SvETLANA N. DEDYSH AND IRINA Š. KULICHEVSKAYA 


Sin.gu.li.spha.e’ra. L. adj. singuli single, separate; L. fem. n. sphaera sphere; N.L. fem. n. Singulisphaera a 


single spherical cell. 


Spherical cells, up to 3—4 um in diameter, occurring singly, in 
pairs, or in shapeless aggregates. Crateriform structures are 
scattered over the whole cell surface. Encapsulated. Immo- 
bile. Reproduce by budding. Stalk-like structures are absent. 
Attach to surfaces by means of amorphous holdfast material. 
Gram-stain-negative. Chemoorganotrophic aerobes. Capable of 
growth in microaerobic conditions. Colonies are opaque and 
nonpigmented. Various carbohydrates or N-acetylglucosamine 
are the preferred substrates. No growth factors are required. 
Possess hydrolytic capabilities. Organic nitrogen compounds, 
ammonium, and some amino acids serve as nitrogen sources. 
Nitrate is not utilized. Catalase, oxidase, and urease positive. 
Dissimilatory nitrate reduction is negative. Mesophilic and mod- 
erately acidophilic bacteria growing in the pH range of 4.2-7.5, 
with an optimum at pH 5.0-6.2. Sensitive to NaCl. This genus 
is a member of the phylum Planctomycetes, order Planctomycetales, 
family Planctomycetaceae. Acidic wetlands are the main habitat. 

DNA G+C content (mol96): 57.8-59.9. 

Type species: Singulisphaera acidiphila Kulichevskaya, Ivanova, 
Baulina, Bodelier, Sinninghe Damsté and Dedysh 2008, 1191". 


Further descriptive information 


A single species, Singulisphaera acidiphila, has been described 
based on characterization of four independent isolates (Kuli- 
chevskaya et al., 2008). Mature cells of this species vary in size 
from 1.6 to 2.6 um (Figure 188), but some cells in old cultures 
are up to 3-4 um in diameter (Figure 188). No stable cell chains 
or filaments are present in cultures of Singulisphaera acidiphila. 
Examination of old cultures grown on agar plates shows the pres- 
ence of an amorphous holdfast substance excreted from the 
cell poles (Figure 188). Thin sections show the pattern of cell 
compartmentalization typical for /sosphaeralike planctomycetes 
(Figure 188) (Fuerst, 2005; Giovannoni et al., 1987b; Lindsay 
et al., 2001). The cell wall consists of two electron-dense layers 
separated by an electron-transparent layer; the total wall thick- 
ness is about 12 nm. Crateriform structures with a diameter of 
25 nm are scattered over the whole cell surface. An enlarged 
view of the cross-section of one of these pit-like structures shows 


that it represents a cell-wall invagination, which is connected to 
underlying paryphoplasm (Figure 188). The intracytoplasmic 
membrane compartmentalizes the cell to produce irregularly 
shaped membrane-bounded regions. The paryphoplasm in cells 
of Singulisphaera acidiphila is invaginated in a way to form a cen- 
tral region and numerous peripheral regions which are filled 
with an electron-dense substance. Nucleoid and electron-dense 
ribosome-like particles are located in the central part of the cell. 

On agar media, Singulisphaera acidiphila forms raised, 
opaque, uncolored, circular colonies with an entire edge and a 
smooth surface. One-month-old colonies are 1-4 mm in diam- 
eter. Members of the genus Singulisphaera are obligately aerobic 
chemoheterotrophs, however, they grow well in microaerobic 
conditions. Most sugars and N-acetylglucosamine are the pre- 
ferred growth substrates, but good growth occurs also on media 
with various biopolymers. Organic acids are either not utilized 
or poorly utilized by some of the strains. Representatives of Sin- 
gulisphaera acidiphila are moderately acidophilic (pH range of 
4.2—7.5) and mesophilic (temperature range of 4-33*C). High 
sensitivity to NaCl reflects adaption of these bacteria to dilute 
environments such as ombrotrophic peat bogs. Growth inhibi- 
tion of 50-80% occurs in the presence of NaCl in the medium 
at concentrations of 0.2-0.5% (w/v), and NaCl at concentra- 
tions above 0.5% (w/v) completely inhibits growth. 

Cells of Singulisphaera acidiphila contain menaquinone-6 
(MK-6) as the predominant isoprenoid quinone. The major 
fatty acids are C go (23.9-36.6%), C,,, 9c (23.5-46.7%), and 
Cigo @6,12c (13.8-25.6%); the latter is genus-characteristic. 
The neutral lipids are dominated by an 7-C,,,, hydrocarbon; 
squalene, diplopterol, and 3-methyl-diplopterol are also pres- 
ent. 


Enrichment and isolation procedures 


Enrichment strategy and the medium used for isolation proce- 
dure (M31) are the same as for members of the genus Schlesne- 
ria (above). The colonies appearing on the plates are subjected 
to examination by phase microscopy for the presence of spheri- 
cal cells that occur singly or in shapeless aggregates. 
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FIGURE 188. (a) Phase-contrast micrographs of cells of Singulisphaera acidiphila grown in liquid culture and (b) on agar 
medium; black arrows show amorphous holdfast substance excreted by the cells grown on agar medium. (c) Electron 
micrograph of an ultrathin section of a cell of Singulisphaera acidiphila, CW, cell wall; ICM, intracytoplasmic membrane; 
P, paryphoplasm; R, ribosome-like particles; N, nucleoid. Black arrow indicates pit-like invagination of a cell wall 
[enlarged view is shown in (d) ]. Bars = 10 um [(a) and (b)] and 0.2 um [(c) and (d)]. [(c) and (d), Printed with permis- 


sion of Olga I. Baulina. ] 


Maintenance procedures 


Strains can be maintained on agar medium M31 by subcul- 
turing once in 2-3 months. Alternatively, they can be kept in 
liquid medium M31 with 10% glycerol at -70°C or stored by 
lyophilization. 


Differentiation of the genus Singulisphaera 
from other genera 


Table 176 gives characteristics of Singulisphaera that differentiate 
it from other aerobic budding bacteria that lack peptidoglycan. 
Spherical cell shape makes Singulisphaera different from Schle- 
sneria, Planctomyces, Pirellula, Blastopirellula, and | Rhodopirellula. 
Absence of cell filaments, pigmentation, and gliding motility dif- 
ferentiate Singulisphaera from Isosphaera. High sensitivity to NaCl 
distinguishes it from Pirellula, Blastopirellula, and Rhodopirellula. 


The ability to grow at pH below 5.0 distinguishes it from all 
other currently known planctomycetes with the only excep- 
tion being Schlesneria. Finally, the presence of C,,, fatty acids 
is a genus-characteristic feature of Singulisphaera that is unique 
among other planctomycetes. 


Taxonomic comments 


Comparative sequence analysis of the 16S rRNA gene shows 
that Singulisphaera acidiphila is a member of the order Plancto- 
mycetales and belongs to a phylogenetic lineage defined by the 
genus Isosphaera. The 16S rRNA gene sequence identity between 
the Isosphaera pallida (Giovannoni et al., 1987b) and representa- 
tives of the Singulisphaera acidiphila is about 90%. 

Four taxonomically described strains of Singulisphaera acid- 
iphila were obtained from acidic Sphagnum-dominated boreal 
wetlands of northern Russia. 
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List of species of the genus Singulisphaera 


1. Singulisphaera acidiphila Kulichevskaya, Ivanova, Baulina, 
Bodelier, Sinninghe Damsté and Dedysh 2008, 1191‘? 


a.ci.di'phi.la. N.L. n. acidum acid from L. adj. acidus sour; 
N.L. adj. philus -a -um (from Gr. adj. philos -é-on), friend, lov- 
ing; N.L. fem. adj. acidiphila acid-loving. 


Description as for the genus with the following additional 
information. Carbon sources (0.0596, w/v) include glucose, 
fructose, galactose, lactose, cellobiose, maltose, mannose, 
melibiose, rhamnose, ribose, trehalose, saccharose, xylose, 
leucrose, Nacetylglucosamine, and salicin. Ability to utilize 
fucose, lactate, and pyruvate is variable. Capable of hydrolyz- 
ing laminarin, pectin, chondroitin sulfate, esculin, gelatin, 
pullulan, lichenan, and xylan. Shows the following enzyme 
activities: alkaline and acid phosphatase, esterase, esterase 
lipase, leucine arylamidase, cystine arylamidase, valine 
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Order II. “Candidatus Brocadiales" ord. nov. 


Mike S.M. Jetten, Huus J.M. OP DEN CAMP, J. Gius Kuenen AND Marc SrROUS 


Bro.ca.di.a'les. N.L. fem. n. “Candidatus Brocadia” type genus of the order; -ales ending to 
denote an order; N.L. fem. pl. n. Brocadiales the order of "Candidatus Brocadia". 


The description is the same as for the family * Candidatus Bro- 
cadiaceae". 
Type genus: "Candidatus Brocadia" Strous et al. 1999; Kuenen 
and Jetten 2001. 
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Family |. “Candidatus Brocadiaceae" fam. nov. 


Mike S.M. Jetten, Huus J.M. OP DEN Camp, J. Gus Kuenen AND Marc SrRous 


Bro.ca.di.a.ce'ae. N.L. fem. n. [Candidatus] Brocadia type genus of the family; -aceae ending to 
denote a family; N.L. fem. pl. n. Brocadiaceae the family of “Candidatus Brocadia”. 


Coccoid cells, generally 0.7-1.1 x 1.1-1.3 um. Depending 
on the growth conditions, anammox cells occur singly or in 
aggregates. Phenomenologically “Gram-stain-negative”. No 
endospores are formed. Ultrastructure similar to that of the 
Planctomycetales, with typical membrane-bound riboplasm and 
paryphoplasm. An internal organelle (the anammoxosome), 
the locus of anammox metabolism, is present in the cytoplasm. 


Nonmotile. Obligately anaerobic. Facultatively chemolithoau- 
totrophic on ammonium and nitrite. Nitrite (which is converted 
to nitrate) is the electron donor for autotrophic CO,-fixation. 
Electron transport is cytochrome-based with nitrate, nitrite, 
Mn(IV), or Fe(III) as terminal electron acceptor. Hydrazine is 
produced from ammonium and hydroxylamine. Nitrate: nitrite 
oxidoreductase activity is present. Catalase- and hydrogen 
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peroxidase-positive. Media supporting an autotrophic lifestyle, 
containing ammonium, nitrite, and bicarbonate, are required. 
Optimum growth temperature for enriched species 15-40*C. 
Very slow growth with doubling times of 2-3 weeks. 

Type genus: *Candidatus Brocadia" Strous et al. 1999a; Kue- 
nen and Jetten 2001. 


Taxonomic comments 


The family *Candidatus Brocadiaceae" contains the bacteria 
responsible for anaerobic oxidation of ammonium (anam- 
mox). So far all anammox bacteria identified on the basis of 
16S rRNA gene sequencing comprise a monophyletic cluster 
within the Planctomycetes lineage of descent (Jetten et al., 2005b; 
Quan et al., 2008; Schmid et al., 2005; Woebken et al., 2008). 
Although knowledge on the microbiology of the anammox 
bacteria is steadily increasing, at this point the information is 
still too limited to describe the five recognized genera of the 
family * Candidatus Brocadiaceae" separately (Strous and Jetten, 
2004). As isolation of pure cultures using traditional methods 
has so far not been successful, all type species have the Can- 
didatus status (Kartal et al., 2007b, 2008; Kuenen and Jetten, 
2001; Quan et al., 2008; Schmid et al., 2001, 2003; Strous et al., 
1999a; Woebken et al., 2008). Highly purified cultures have 
been obtained by physical separation. The genome of one of 
the anammox bacteria “Candidatus Kuenenia stuttgartiensis" 
has been sequenced (Strous et al., 2006). 


Further descriptive information 


Phylogeny and detection. Comparative 16S rRNA gene 
sequence analysis shows more than 15% sequence difference 
between the anammox bacteria and cultivated members of the 
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Planctomycetales (Figure 189). The similarity of the five anam- 
mox genera is well below the 9796 threshold value typically 
used to separate species. The deep monophyletic branching of 
the anammox bacteria has been confirmed by analysis of large 
datasets of concatenated ribosomal proteins and genes (Strous 
et al., 2006). Since the anammox bacteria have several fea- 
tures in common with members of the order Planctomycetales, 
notably its compartmentalized ultrastructure, it is not sur- 
prising that the oligonucleotide probe S-P-Planc-0046-a-A-18 
(Table 177; Neef et al., 1998) also hybridizes with all five gen- 
era of anammox bacteria. Most of the initial probes designed 
for anammox bacteria targeted only “Candidatus Brocadia 
anammoxidans" (Table 177; Schmid et al., 2005; Strous et al., 
1999a). However, probe S-*-Amx-0820-a-A-22 also hybridized 
with “Candidatus Kuenenia stuttgartiensis". “Candidatus Kue- 
nenia" and *Candidatus Brocadia" can be distinguished by 
fluorescence ¿m situ hybridization (FISH) microscopy using 
the probes S-S-Kst-0157-a-A-18 and S-S-Ban-0162-a-A-18 (Table 
177; Schmid et al., 2005). Probe S-*-Kst-1275-a-A-20 (Table 177) 
is specific for “Candidatus Kuenenia stuttgartiensis". The 
genus "Candidatus Scalindua" can be detected by probes S-G- 
Sca-1309-a-A-21, S-*-Scabr-1114-a-A-22 and S-*-BS-820-a-A-22 
(Table 177). Specific probes for the genera “Candidatus Ana- 
mmoxoglobus" and “Candidatus Jettenia" have recently become 
available (Kartal et al., 2007b; Quan et al., 2008). The 288 rRNA 
targeting probe L-*-Amx-1900-a-A-21 was designed to detect 
" Candidatus Brocadia” and “Candidatus Kuenenia" (Schmid 
et al., 2001). Recently the intergenic spacer and large parts 
of the 23S ribosomal gene of the five different anammox 
genera have become available to design new probes (Quan 
et al., 2008; Woebken et al., 2008). 


Brocadia anammoxidans, AF375994 
Brocadia fulgida, DQ459989 
Anammoxoglobus propionicus, DQ317601 
Jettenia asiatica, DQ301513 
Kuenenia stuttgartiensis, AF375995 
Scalindua wagneri, AY254882 


E Scalindua brodae, AY254883 
100 — Scalindua sorokinii, AY257181 


79 


Rhodopirellula baltica, RBro3 
Planctomyces limnophilus, X62911 
Gemmata obscuriglobus, AJ231191 


0.02 


Isosphaera pallida, AJ231195 


FIGURE 189. Phylogenetic affiliation of the Brocadiales to the Plamctomycetales, based on 16S rRNA gene analysis. 
The evolutionary history was inferred using the neighbor-joining method (Saitou and Nei, 1987). The optimal 
tree with the sum of branch length = 0.93 is shown. The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (500 replicates) is shown next to the branches (Felsenstein, 1985). The 
tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the maximum composite likelihood method 
(Tamura et al., 2004) and are expressed as the number of base substitutions per site. All positions containing align- 
ment gaps and missing data were eliminated only in pairwise sequence comparisons (pairwise deletion option). 
There were a total of 1633 positions in the final dataset. Phylogenetic analyses were conducted in MEGA4 (Tamura 
et al., 2007). Accession numbers are given after the species names. 
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TABLE 177. Phenotypic characteristics of members of the order “Candidatus Brocadiales” 


Characteristic Brocadia Anammoxoglobus Jettenia Kuenenia Scalindua 
Gram stain - - - - - 
Motility = = = E - 
Catalase * nd t + 
Oxidase + nd + + 
Nitrate reduction + + nd + + 
Nitrite, gas * + F + + 
N,H, production * nd * + 
HZO gene + + + + 
Anammoxosome + + + + 
Ladderane lipids + nd + + 
Salt tolerance - nd nd + + 
Phosphate tolerance = nd nd + nd 
Oxidation of organic acids: 
Formate + ++ nd + + 
Acetate ++ ++ nd + + 
Propionate + ++ nd + _ 
Oxidation of methylamine + nd nd nd nd 
Oxidation of hydrogen = nd nd = = 
Hybridization im FISH: 
Probe AMX368 + + + + + 
Probe AMX820 + _ _ + _ 
Probe KST1275 _ _ _ + _ 
Probe BS820 _ _ _ _ + 


Symbols: +, greater than 90% of strains positive; ++, high activity; —, less than 10% positive; nd, not determined. 


Cell-wall composition. Peptidoglycan appears to be absent 
and electron microscopy shows a visible proteinaceous S-layer (van 
Niftrik et al., 2008a, b). The absence of a complete peptidogly- 
can biosynthesis route was confirmed by genomic analysis of 
Kuenenia stutigartiensis (Strous et al., 2006). 


Ultrastructure. Like the cells of other planctomycetes, 
anammox bacteria possess the shared planctomycete cell plan 
involving a single-membrane-bounded compartment contain- 
ing the nucleoid and ribosomes, as well as a paryphoplasm 
region surrounding the outer rim of the cell (Fuerst, 2005). 
Within the riboplasm, however, members of the family “Can- 
didatus Brocadiaceae" possess another single membrane- 
bounded compartment, the anammoxosome, unique to these 
bacteria. The anammoxosome harbors at least one specialized 
enzyme, a hydrazine/hydroxylamine oxidoreductase functional 
in the mechanism of anaerobic ammonium oxidation (Lind- 
say et al., 2001; Schalk et al., 2000; Shimamura et al., 2007, 2008; 
van Niftrik et al., 2008a, b). The anammoxosome is wrapped 
in a single-membrane envelope possessing unique cyclobutane- 
containing ladderane lipids which may confer relatively high 
density and reduced permeability to the anammoxosome mem- 
brane. 


Ladderane lipids, fatty acids, and sterols. The main compo- 
nents in the membrane lipids of anammox bacteria were shown 
to be so-called "ladderane lipids" (Damste et al., 2002, 2005). 
These lipids are comprised of three-to-five linearly concatenated 
cyclobutane moieties with cis ring junctions, which occur as fatty 
acids, fatty alcohols, alkyl glycerol monoethers, dialkyl glycerol 
diethers, and alkyl acyl glycerol ether/esters (Damste et al., 
2005). The internal membrane surrounding the anammoxo- 
some organelle is nearly exclusively composed of ladderane 


lipids as a barrier against diffusion of protons and intermedi- 
ates (van Niftrik et al., 2004). The most abundant fatty acids 
of anammox bacteria are 14-methylpentadecanoic acid (C,,), 
10-methylhexadecanoic acid, and 9,14-dimethylpentadecanoic 
acid. In addition, the anammox bacteria also contain squalene, 
and a number of hopanoids (hop-22[29]-ene, diplopterol, 
17B,21B(H)-bis-homohopanoic acid, 17p,21p(H)-32-hydroxy- 
trishomohopanoic acid, 22,29,30-trisnor-21-oxo-hopane; Dam- 
ste et al., 2004). Recently the intact phospholipids of anammox 
bacteria containing phosphoethanolamine and phosphocholine 
headgroups have been investigated and compared to each other 
(Boumann et al., 2006; Rattray, 2008). 


Nutrition and growth conditions. A medium sustaining a 
chemolithoautotrophic lifestyle on ammonium, nitrite, and 
carbon dioxide in the absence of oxygen is required for growth 
of anammox bacteria (Jetten et al., 2005a; van de Graaf et al., 
1995, 1996). Furthermore, a continuous flow reactor set up with 
very efficient biomass retention is required to maintain optimal 
conditions for (exponential) growth (Strous et al., 1998, 2002; 
van der Star, 2008a). A sequencing fed-batch reactor has been 
proven to be very suitable for the enrichment and maintenance 
of a growing anammox culture. Recently, also a membrane 
reactor was described to produce high quality single cells (van 
der Star, 2008b). 

The basic mineral medium contains (in g/l): KHCO,, 1.25; 
NaH,PO, 0.05; CaCl,-2H,O, 0.3; MgSO, 7H,O, 0.2; FeSO, 
0.00625; EDTA, 0.00625; trace element solution, 1.25 m1/1. The 
trace element solution contains (g/l): EDTA, 15; ZnSO,-7H,O, 
0.43; CoCl,-6H,O, 0.24; MnCl,-4H,O, 1.0; CuSO,-H,O, 0.25; 
NaMoO,-2H,O, 0.22; NiCl,-6H,O, 0.19; NaSeO,-10H,O, 0.21; 
H,BO,, 0.014; NaWO,-2H,O, 0.050. For the enrichment of 
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marine “Candidatus Scalindua" species an appropriate seawa- 
ter medium should be composed (Kartal et al., 2006; Nakajima 
et al., 2008; van de Vossenberg, 2008; Windey et al., 2005). The 
genus “Candidatus Anammoxoglobus" and “Candidatus Brocadia 
fulgida" obtain a competitive advantage when using propionate 
and acetate, as an additional energy source, respectively. Thus 
propionate or acetate can be added to the ammonium-nitrite 
enrichment medium in a C/N ratio of 1/6 (Guven et al., 2005; 
Kartal et al., 2007b, 2008). 

The medium concentrations of NaNO,, (NH,),SO,, and 
NaNO, are initially set to 5, 5, and 10 mM each. Suitable start- 
ing material for the enrichment of anammox bacteria is acti- 
vated sludge from a treatment plant with a long sludge age, or 
anoxic sediments which receive a continuous supply of ammo- 
nium and nitrate (Dapena-Mora et al., 2004; Fujii et al., 2002; 
Kartal et al., 2007b, 2008; Schmid et al., 2000, 2003; Toh et al., 
2002; van de Vossenberg, 2008; van der Star et al., 2007; Zhang 
etal., 2007). The biomass concentration in the enrichment cul- 
tures should stay above 1 g dry wt per liter to prevent loss of 
activity. The inflowing ammonium and nitrite concentrations 
can be increased gradually (to a maximum of 45 mM each) as 
long as the nitrite is completely consumed. Successful enrich- 
ments often have a reddish, pink, or brownish appearance due 
to the high cytochrome content of the anammox bacteria. In 
these enrichments anammox bacteria comprise about 80-85% 
of the community as determined by specific oligonucleotide 
probes using FISH. Purified cells can be obtained via physical 
separation using density centrifugation (Kartal et al., 2007a, 
2008; Strous et al., 1999a, 2002). 


Antibiotic sensitivity. Penicillin G can be added to the media 
at 0.1 mg/ml to suppress growth of undesirable contaminants 
(van de Graaf et al., 1995). Whether the insensitivity of anam- 
mox bacteria to Penicillin G is caused by lack of peptidoglycan 
or the growth in aggregates remains to be established. 


Ecology. Anammox bacteria were first discovered in waste- 
water treatment systems and most successful enrichments have 
used inocula from such environments (Jetten et al., 2005a, 
b; Schmid et al., 2000, 2003). However, it is now clear that 
the occurrence of anammox bacteria is practically ubiquitous. 
Many studies have detected the presence and activity of anam- 
mox bacteria in more than 30 natural freshwater and marine 
ecosystems all over the world (Francis et al., 2007; Op den 
Camp et al., 2006; Penton et al., 2006; Tsushima et al., 2007). 
The detection and quantification of the anammox bacteria 
in these ecosystems was based on a combination of different 
techniques: enrichment cultures, nutrient profiles, ^N label- 
ing incubations with sediments or water samples, ladderane 
lipid analysis, FISH microscopy, or 16S rRNA gene sequencing 
(Dalsgaard et al., 2005; Egli et al., 2001; Kuypers et al., 2008, 
2005; Pynaert et al., 2003; Rich et al., 2008; Risgaard-Petersen 
et al., 2004; Rysgaard and Glud, 2004; Schubert et al., 2006; 
Tal et al., 2005; Thamdrup and Dalsgaard, 2002). As the anam- 
mox bacteria require the simultaneous presence ofammonium 
and nitrite for growth, they are typical interface organisms, 
thriving in sediments, biofilms, and stratified waterbodies. In 
anoxic sediments with low organic carbon content, the anam- 
mox bacteria can account for 20-79% of total N, production. 
Studies in the anoxic water columns of the Black Sea and the 
Golfe Dulce showed that anammox bacteria were responsible 
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for 20-50% of the total N, production (Dalsgaard et al., 2003; 
Kuypers et al., 2003; Thamdrup et al., 2004). Anammox bacte- 
ria are also mainly responsible for nitrogen loss in the oxygen 
minimum zone (OMZ) that are most productive regions of 
the world oceans (Hamersley et al., 2007; Kuypers et al., 2005; 
Thamdrup et al, 2006). The strong N-deficit in the OMZ 
was until now attributed to denitrification, but recent studies 
showed unequivocally that the anammox bacteria are respon- 
sible for the majority of nitrogen transformation in the OMZs. 
Based on these observations, it is likely that anammox also 
plays an important role in other OMZ waters and sediments 
of the ocean. 

In various ecosystems, anammox bacteria will be dependent 
on the activity of aerobic ammonium-oxidizing bacteria espe- 
cially when the oxygen supply is limited for example in biofilms 
or aggregates (Schmidt et al., 2002). In these oxygen-limited 
environments, the ammonium-oxidizing bacteria would oxidize 
ammonium to nitrite and keep the oxygen concentration low, 
while anammox bacteria would convert the produced nitrite 
and the remaining ammonium to dinitrogen gas (Strous et al., 
1997; Third et al., 2001, 2005). Such conditions have been 
established in many different man-made ecosystems (Schmidt 
et al., 2002). FISH analysis and activity measurements showed 
that aerobic as well as anammox bacteria were present and 
active, but aerobic nitrite oxidizers (i.e., Nitrobacter or Nitrospira) 
were not detected (Third et al., 2001, 2005). It seems likely that 
under these conditions anaerobic and aerobic ammonium 
oxidizers form a quite stable community. The cooperation of 
ammonium-oxidizing bacteria is not only relevant for waste- 
water treatment, but might play an important role in natural 
environments at the oxic/anoxic interface (Kindaichi et al., 
2007; Kuypers et al., 2005; Lam et al., 2007; Nielsen et al., 2005; 
Woebken et al., 2007). 


Ecophysiology. The anammox bacteria have a relatively well- 
studied ecophysiology (Strous et al., 1999b). The anammox bac- 
teria grow very slowly. This is caused by a low maximum substrate 
conversion rate, rather than by a low biomass yield. The K, val- 
ues of anammox bacteria for ammonium and nitrite are below 
the detection level («5 uM). Anammox bacteria are reversibly 
inhibited by very low levels («1 uM) of oxygen and irreversibly 
inhibited by high nitrite (210 mM), low methanol («0.5 mM), 
and acetylene concentrations (Guven et al., 2005; Jensen et al., 
2007; Strous et al., 1999b; Third et al., 2005). All anammox bac- 
teria investigated so far produce hydrazine from hydroxylam- 
ine and ammonium (Kartal et al., 2007b; van de Graaf et al., 
1997; van der Star, 2008a). Anammox bacteria may be able to 
use organic acids as additional electron donors (Table 177) for 
nitrate reduction to nitrite and nitrite reduction to ammonium 
(Guven et al., 2005; Kartal et al., 2007a, b, 2008; van de Vossen- 
berg, 2008). The genome sequence (4.2 Mb) of "Candidatus 
Kuenenia stuttgartiensis" has been assembled from community 
bacterial artificial chromosome (BAC), fosmid, and shotgun 
libraries (Strous et al., 2006). Genomic evidence, confirmed 
by CO dehydrogenase enzyme assays, points to the acetyl-CoA 
pathway for CO, fixation. This is consistent with the observed 
carbon discrimination and the presence of very 'C-depleted 
(-70%) lipids in anammox bacteria (Schouten et al., 2004). The 
presence of cytochrome cbased respiration of nitrate and nitrite 
could also be confirmed by analysis of the genome assembly. 
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Isolation procedures. Owing to the long generation time 
of 2-3 weeks and the cell density-dependent activity, anammox 
organisms are most likely incompatible with any currently exist- 
ing isolation protocol. However, anammox cells can be purified 
and separated from other organisms present in the community 
using a density-gradient centrifugation (Strous et al., 1999a, 
2002). For this procedure, anammox aggregates are washed 
in HEPES buffer pH 7.8 containing 5 mM bicarbonate. Sub- 
sequently, the anammox cells are mildly sonicated. After cen- 
trifugation, the larger aggregates form a light red pellet on 
top of the dark red pellet of the single cells. The aggregates 
are removed, the single cells are resuspended in the HEPES/ 
bicarbonate buffer, and Percoll is added. This mixture is centri- 
fuged and anammox cells form a red band at the lower part of 
the gradient (density 1.107-1.138 g/l). After extraction of the 
band, the Percoll is removed by washing with HEPES/bicarbon- 
ate buffer. The resulting cell suspension contains usually only 
one contaminating organism for every 200-800 target organ- 
isms. The anammox activity of purified cells can be tested after 
addition of hydrazine, ammonium, and nitrite (Strous et al., 
19993). 
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Differentiation of the anammox bacteria 


As stated in the introduction, information is too limited to 
separately describe the five recognized genera of the family 
"Candidatus Brocadiaceae". In Table 177, the most prominent 
features of the five different anammox genera are listed. After 
enrichment of the anammox bacteria on ammonium and nitrite 
media, sequencing of the 16S rRNA gene, and FISH analysis with 
specific probes are most indicative to determine which anam- 
mox species has been obtained. Higher concentrations of phos- 
phate may favor enrichment of * Candidatus Kuenenia" species, 
whereas inclusion of higher concentrations of salt might favor 
the marine anammox species. The addition of propionate or 
acetate results in the enrichment of “Candidatus Anammoxoglo- 
bus propionicus" or “Candidatus Brocadia fulgida", respectively. 


Further reading 


Kuenen, J.G. 2008. Anammox bacteria: from discovery to appli- 
cation. Nat. Rev. Microbiol. 6: 320-326. 

Pilcher, H. 2005. Microbiology: pipe dreams. Nature 437: 1227- 
1228. 


List of genera of the family "Candidatus Brocadiaceae" 


1. “Candidatus Brocadia” Strous et al. 19993; Kuenen and 
Jetten 2001 


Bro.ca'di.a. N.L. fem. n. Brocadia named after place of dis- 
covery at the Gist-Brocades factory in Delft, the Netherlands, 
and the gaudy brocade color of the bacteria. 


Currently the genus includes “Candidatus Brocadia anam- 
moxidans" and * Candidatus Brocadia fulgida". 


2. “Candidatus Anammoxoglobus” Kartal et al. 2007b 


A.nam.mo.xo.glo'bus. N.L. n. anammox abbreviaüon of 
anaerobic ammonium oxidation (arbitrary name); L. masc. 
n. globus sphere referring to the spherical shape; N.L. masc. 
n. Anammoxoglobus. 


Currently the genus includes “Candidatus Anammoxoglo- 
bus propionicus”. 


3. “Candidatus Jettenia” Quan et al. 2008 


Jet.te’ni.a. N.L. fem. n. Jettenia named after Mike S.M. 
Jetten. 
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acanthamoebae (Parachlamydia), 13, 868, 
869, 870, 877 
Acanthopleuribacter, 12, 725, 726, 732, 
733, 734 
ACANTHOPLEURIBACTERACEAE, 12, 
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Acidimethylosilex fumarolicum, 795-797 
acidiphila (Singulisphaera), 16, 913-914, 915 
ACIDOBACTERIA, 1, 2, 12, 21, 725, 726, 
729, 880 
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agassizii (Mycoplasma), 11, 582, 584, 587 

aggregans (Edaphobacter), 729, 730 

aggregans (Flexibacter), 9, 392, 394, 408, 
409, 449 

aggregata (Costertonia), 5, 199 
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algae (Formosa), 7, 214, 215, 217, 218 

algae (Luteolibacter), 799, 802, 803 
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algens (Gelidibacter), 6, 215, 219, 220, 221, 
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Alkaliflexus imshenetskii, 4, 53 
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alkalilentus (Ferruginibacter), 358 

alkaliphila (Balneola), 9 

alkaliphila (Chimaereicella), 428, 429 

Alkaliphilus, 427, 429 

alkaliphilus (Algoriphagus), 9, 427, 429, 430 

alkalitolerans (Dyadobacter), 9 

alleghenense (Spiroplasma), 11, 661, 668, 
669-670 

allerginae (Cytophaga), 132, 136, 153 

alligatoris (Mycoplasma), 11, 577, 582, 584, 
588 

allocasuarinae (Candidatus Phytoplasma), 703 

alluvionis (Pedobacter) , 345 

ALPHAPROTEOBACTERIA, 800, 807 

alvi (Mycoplasma), 11, 582, 583, 588 

alvinipulli (Brachyspira), 532, 534, 535, 536, 
538, 539, 540 

americana (Spirochaeta), 10, 476-478, 
479, 485 

americani (Candidatus Xiphinematobacter), 
13, 840 
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amnii (Prevotella), 4 

amnionii (Leptotrichia) , 767 

amoebophila (Candidatus Protochlamydia), 
870, 870, 871, 871 

amoebophila (Protochlamydia), 870, 871, 876 

amphoriforme (Mycoplasma), 11, 583, 584, 
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425, 435 
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amylolytica (Zhouia), 5, 292 
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amylophilus (Ruminobacter), 32 

amylovorum (Treponema), 10, 502, 510, 
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anaerobium (Asteroleplasma), 12, 722, 723 

Anaerophaga, 3, 26, 49, 50, 51, 52, 53 
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Anaeroplasma, 12, 56, 571, 581, 618, 640, 
647, 656, 667, 690, 696, 719, 720, 721, 
722, 723 

Anaeroplasma abactoclasticum, 12, 571, 572, 
720—722 

Anaeroplasma bactoclasticum, 12, 571, 668, 
720—722 

Anaeroplasma intermedium, 12, 720-722 

ANAEROPLASMATACEAE, 12, 570, 719, 720, 
721-723 

ANAEROPLASMATALES, 10, 12, 570, 571, 
574, 667, 719, 721, 723 

Anaeroplasma varium, 720-722 

Anaerorhabdus, 3, 25, 26, 32, 45 

Anaerorhabdus furcosa, 32, 45 

ANAPLASMATACEAE, 639 

anatina (Coenonia), 5, 65, 111, 198, 250, 253, 
254, 292 

anatipestifer (Riemerella), 5, 182, 185, 197, 
198, 250, 253, 254, 262, 263, 264 

anatis (Mycoplasma), 11, 582, 584, 588, 589 

Ancalochloris, 803, 804 

Ancalomicrobium, 803, 804, 807 

Ancylobacter, 390, 417 

Ancylobacter aquaticus, 390 

Ancylobacter rudongensis, 379, 390 

andersonii (Borrelia), 10, 492, 496, 497, 545 

andersonii (Brevinema), 10, 492, 496, 497, 545 

anhuiense (Flavobacterium), 138 

anhuiense (Sphingobacterium), 8, 333-334 

anserina (Borrelia), 10, 485, 489, 492, 493 

anseris (Mycoplasma), 11, 109, 584, 589 

antarctica (Aequorivita), 7, 155-157 


antarctica (Lewinella), 8, 367 

antarctica (Sejongia), 5, 111, 182, 185, 
271-273, 274 

antarcticum (Flavobacterium), 5, 112, 127, 
129, 130, 137, 139 

antarcticus (Algoriphagus), 9, 430, 431 

antarcticus (Ulvibacter), 7 

aphidicola (Buchnera), 319, 616 

apis (Spiroplasma), 572, 656-657, 661, 664, 
666—668, 670, 674—675, 677 

aprica (Cytophaga), 52, 373, 374, 448 

aprica (Flammeovirga), 9, 52, 373, 393, 443 

Aquaspirillum, 408 

aquatica (Arcicella), 9, 377-379, 380, 390 

aquaticum (Chromobacterium), 138 

aquaticum (Chryseobacterium), 5 

aquaticus (Adhaeribacter), 9, 375, 376, 377, 
387, 388, 398, 404, 410, 411 

aquaticus (Ancylobacter), 390 

aquatile (Empedobacter), 138 

aquatile (Flavobacterium), 5, 112, 127, 128, 
129, 135-137, 138, 139, 145, 181, 189, 
241, 274, 373 

aquatilis (Bacillus), 138 

aquatilis (Bacterium), 138 

aquatilis (Chromobacterium), 138 

aquatilis (Cytophaga), 145, 373 

aquatilis (Flavobacterium), 138 

aquatilis (Pedobacter), 345 

aquidurense (Flavobacterium), 112, 128, 133, 
136, 139 

Aquiflexum, 424, 427, 428, 429, 433, 434, 435 

Aquiflexum balticum, 9, 433, 434, 435, 436 

Aquimarina, 107, 110, 158, 159-161, 221—223, 
229, 269, 292, 374 

aquimarina (Muricauda), 6, 240-244 

Aquimarina brevivitae, 7, 159, 160, 161 

Aquimarina intermedia, 7, 159, 160, 161 

Aquimarina latercula, 7, 159, 160, 161, 373 

Aquimarina muelleri, 7, 158, 159, 160 

aquimarinus (Algoriphagus), 9, 426, 427, 
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790, 792 
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arvensicola (Chitinophaga), 8, 351, 352, 353, 
356, 373 

arvensicola (Cytophaga), 352, 364, 373, 374 

asaccharolytica (Porphyromonas), 4, 62, 64, 
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asaccharolyticus (Bacteroides), 32 
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asteris (Candidatus Phytoplasma), 569, 698, 703 
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Bacteroides gallinarum, 3 

Bacteroides gingivalis, 32, 67 

Bacteroides goldsteinii, 28, 35 

Bacteroides gracilis, 32 

Bacteroides helcogenes, 3, 30, 36 

Bacteroides heparinolyticus, 32 

Bacteroides hypermegas, 32 

Bacteroides intermedius, 32, 96 

Bacteroides intestinalis, 3, 36 

Bacteroides levii, 32, 68 

Bacteroides loescheii, 32, 96 

Bacteroides macacae, 68 

Bacteroides massiliensis, 3, 29, 36 

Bacteroides melaninogenicus, 32, 62, 64, 
68, 88 

Bacteroides melaninogenicus subsp. 
macacae, 68 

Bacteroides merdae, 29, 33, 36 

Bacteroides microfusus, 32, 56 

Bacteroides multiacidus, 32 

Bacteroides nodosus, 32 

Bacteroides nordii, 3, 29, 36 

Bacteroides ochraceus, 32, 88, 174 

Bacteroides oralis, 32, 93, 95, 174 

Bacteroides oris, 98 

Bacteroides ovatus, 3, 29, 36, 37 

Bacteroides pectinophilus, 39, 40 

Bacteroides pentosaceus, 32, 93 

Bacteroides plebeius, 3, 29, 37 

Bacteroides pneumosintes, 32 

Bacteroides polypragmatus, 3, 39, 40 

Bacteroides praeacutus, 32 

Bacteroides putredinis, 55, 56, 58 

Bacteroides pyogenes, 3, 30, 37 

Bacteroides ruminicola, 32, 92, 93, 95, 99 

Bacteroides ruminicola subsp. brevis, 92 

Bacteroides salanitronis, 3 

Bacteroides salivosus, 32, 69 

Bacteroides salyersiae, 3, 29, 37 

Bacteroides splanchnicus, 3, 4, 32, 39, 40, 
41, 74 

Bacteroides stercoris, 3, 29, 30, 37 

Bacteroides succinogenes, 32, 740, 743 

Bacteroides suis, 3, 29, 37 

Bacteroides tectus, 3, 29, 37,38 

Bacteroides termitidis, 769, 770 

Bacteroides thetaiotaomicron, 29, 30, 38, 
62, 131 

Bacteroides uniformis, 3, 29, 30, 38, 73 

Bacteroides ureolyticus, 32 

Bacteroides veroralis, 32, 101 

Bacteroides vulgatus, 3, 29, 30, 38 

Bacteroides xylanisolvens, 3 

Bacteroides xylanolyticus, 39, 41 

Bacteroides zoogleoformans, 32, 33 

BACTEROIDETES, 1-16, 21—24, 25, 27, 31, 
52, 53, 56, 58, 62, 65, 71, 77, 79, 106, 108, 
110, 112, 128, 131, 132, 180, 188, 198, 
200, 203, 204, 255, 259, 315, 317, 322, 
324, 327, 361, 371, 384, 388, 392, 404, 
405, 408, 438, 452, 453, 457, 459-462, 
466, 467 

BACTEROIDIA, 2, 4, 25, 370 


bactoclasticum (Anaeroplasma), 12, 571, 668, 
720-722 

bajacaliforniensis (Spirochaeta), 10, 476-478, 
480, 485 

Balneola, 3, 7, 370 

Balneola alkaliphila, 9 

Balneola vulgaris, 9 

baltazardii (Borrelia), 10, 489, 493 

baltica (Belliella), 9, 405, 434, 435, 436, 
437, 440 

baltica (Cellulophaga), 5, 6, 176-178, 179, 180 

baltica (Rhodopirellula), 16, 896, 897, 
903-905, 906, 907-910 

balticum (Aquiflexum), 9, 433-436 

balustinum (Chryseobacterium), 5, 182-184, 
186-190, 191, 193, 194, 212, 228 

balustinum (Flavobacterium), 191 

barnesiae (Bacteroides), 3 

Barnesiella, 61, 70, 71 

Barnesiella intestinihominis, 4 

Barnesiella viscericola, 4, 70, 71 

baroniae (Prevotella), 4, 65, 91 

Bartonella, 642 

basaltis (Flaviramulus), 6, 213, 214 

Bdellovibrio, 852 

Bdellovibrio bacteriovorus, 852 

Beggiatoa, 477 

beijingensis (Dyadobacter), 380, 381, 384, 
385, 386 

bekefii (Planctomyces), 16, 881, 887, 888, 
889, 890, 894, 895 

bellariivorans (Prolixibacter), 3 

Belliella, 405, 424, 427—429, 434, 435-439 

Belliella baltica, 9, 405, 434, 435, 436, 437, 440 

bemisiae (Candidatus Fritschea), 874, 
875, 876 

bemisiae (Fritschea), 874, 875, 876 

bennonis (Porphyromonas), 69 

bergensis (Prevotella), 65, 91 

Bergeyella, 136, 165, 180, 181, 197, 208, 205, 
208, 212, 227, 228, 250, 263, 271, 273, 
274, 287, 288 

Bergeyella zoohelcum, 5, 110, 165, 166, 182, 
189, 197, 288 

berlinense (Treponema), 502, 508, 511, 520 

BETAPROTEOBACTERIA, 868 

Bifidobacterium, 102 

Bifidobacterium bifidum, 102 

bifidum (Bifidobacterium), 102 

biflexa (Leptospira), 10, 547—549, 551, 553, 
555, 557 

biformata (Robiginitalea), 6, 259, 264, 265 

Bilophila, 30 

bissettii (Borrelia), 496-498 

bivia (Prevotella), 65, 91, 92, 103 

bivius (Bacteroides), 32, 91 

Bizionia, 7, 135, 157, 158, 166, 167, 218, 221, 
222, 249, 291 

Bizionia algoritergicola, 7, 167 

Bizionia gelidisalsuginis, 7, 167, 168 

Bizionia myxarmorum, 7, 167, 168 

Bizionia paragorgiae, 7, 166, 167, 218, 249 

Bizionia saleffrena, 7, 167, 168 

blandensis (Leeuwenhoekiella), 7, 132, 
233, 234 

Blastopirellula, 804, 880, 881, 895, 896, 897, 
899, 900, 903-906, 908, 911, 912, 914 

Blastopirellula marina, 16, 895, 896. 897, 898, 
904, 905, 907, 908 

BLATTABACTERIACEAE, 5, 7, 105, 315, 
316-320 

Blattabacterium, 105, 315, 316-320 

Blattabacterium cuenoti, 7, 315, 320 
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Blatta orientalis, 316, 320, 758, 873 

Bordetella, 601 

Bordetella bronchiseptica, 601 

borealis (Pedobacter), 345 

borgpetersenii (Leptospira), 10, 547-549, 
553, 554 

boritolerans (Algoriphagus), 9, 427, 430, 431 

boritolerans (Chimaereicella), 428, 431 

Borrelia, 10, 473, 476, 484, 485—488, 490, 491, 
492—498, 508 

Borrelia afzelii, 10, 485, 488, 490, 493, 
495, 496 

Borrelia andersonii, 10, 492, 496, 497, 545 

Borrelia anserina, 10, 485, 489, 492, 493 

Borrelia baltazardii, 10, 489, 493 

Borrelia bissettii, 496—498 

Borrelia brasiliensis, 10, 489, 493 

Borrelia burgdorferi, 10, 485, 487, 488, 490, 
491, 493, 494-497 

Borrelia californiensis, 497 

Borrelia caucasica, 10, 489, 493 

Borrelia coriaceae, 10, 489, 490, 493, 494, 495 

Borrelia crocidurae, 10, 494 

Borrelia dugesii, 489, 494 

Borrelia duttonii, 10, 489, 490, 494, 496 

Borrelia garinii, 485, 488, 490, 494, 495-497 

Borrelia graingeri, 10, 489, 494 

Borrelia harveyi, 10, 489, 494 

Borrelia hermsii, 10, 488-492, 494, 495, 497 

Borrelia hispanica, 10, 494, 495 

Borrelia japonica, 10, 485, 489, 492, 495, 
496, 497 

Borrelia latyschewii, 10, 489, 495 

Borrelia lonestari, 498 

Borrelia lusitaniae, 485, 489, 492, 495, 496 

Borrelia mazzottii, 489, 495 

Borrelia miyamotoi, 487, 489, 491, 495 

Borrelia parkeri, 488, 489, 491, 495, 497 

Borrelia persica, 489, 495, 496 

Borrelia recurrentis, 486, 489—491, 493—495, 
496, 497 

Borrelia sinica, 485, 489, 492, 496 

Borrelia spielmanii, 485, 489, 496 

Borrelia tanukii, 10, 485, 489, 492, 496, 497 

Borrelia theileri, 489, 496 

Borrelia tillae, 489, 496 

Borrelia turdi, 10, 485, 487, 489, 496, 497 

Borrelia turcica, 10, 489, 497 

Borrelia turicatae, 10, 488—491, 495, 497 

Borrelia valaisiana, 485, 489, 490, 492, 
496, 497 

botulinum (Clostridium), 102 

bovigenitalium (Mycoplasma), 11, 578, 582, 
584, 589, 590 

bovirhinis (Mycoplasma), 11, 578, 582, 
584, 590 

bovis (Chryseobacterium), 5 

bovis (Mycoplasma), 11, 578, 579, 582, 584, 
587, 590 

bovoculi (Mycoplasma), 11, 582, 584, 590 

Brachyspira, 9, 10, 476, 508, 531, 537-540 

Brachyspira aalborgi, 10, 472, 531—534, 537, 
538, 539-541 

Brachyspira alvinipulli, 532, 534, 535, 536, 
538, 539, 540 

BRACHYSPIRACEAE, 9, 10, 471—473, 531, 
532-540 

Brachyspira hyodysenteriae, 508, 531, 532, 
534-538, 539, 540 

Brachyspira innocens, 532, 534, 535, 537-538, 
539, 540 

Brachyspira intermedia, 532-534, 536-539, 
540, 550 
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Brachyspira murdochii, 532—534, 538-540 

Brachyspira pilosicoli, 532-540 

Brachyspira suanatina, 541 

branchiophilum (Flavobacterium), 112, 129, 
130, 132, 133, 134, 135, 136, 139 

brasiliense (Candidatus Phytoplasma), 705 

brasiliensis (Borrelia), 10, 489, 493 

brasiliensis (Planctomyces), 881, 886, 887, 891 

brassicae (Acholeplasma), 11, 688, 689, 691 

brennaborense (Treponema), 502, 504, 511 

breve (Bacterium), 210, 211 

breve (Empedobacter), 210, 212 

breve (Flavobacterium), 210, 211 

Brevibacterium, 725 

brevicolli (Candidatus Xiphinematobacter), 
13, 839 

Brevinema, 9, 10, 476, 501, 545 

Brevinema andersonii, 10, 492, 496, 497, 545 

BREVINEMATACEAE, 10, 471—473, 545 

brevis (Bacillus), 210, 211 

brevis (Empedobacter), 5, 137, 189, 206, 208, 
210, 211, 274, 286, 287 

brevis (Flavobacterium), 210, 211 

brevis (Prevotella), 4, 65, 92 

brevis (Pseudobacterium), 210, 212 

brevivitae (Aquimarina), 7, 159, 160, 161 

brevivitae (Gaetbulimicrobium), 159 

broadyi (Subsaxibacter), 6, 111, 223, 242, 
276, 277 

BROCADIACEAE, 918, 919, 922 

BROCADIACEAE (CANDIDATUS), 918, 919, 
920-922 

BROCADIALES, 16, 879, 918, 920 

BROCADIALES (CANDIDATUS), 918, 
919-922 

bronchiseptica (Bordetella), 601 

broomii (Leptospira), 10, 547, 554, 556 

Brucella, 30, 35-37, 56, 57, 60, 95, 99, 754, 759 

Brumimicrobium, 7, 16, 323, 324-326 

Brumimicrobium glaciale, 7, 16, 323-326, 
328, 329 

bryantii (Prevotella), 4, 65, 92 

bryantii (Treponema), 502, 511, 743 

buccae (Bacteroides), 32, 93 

buccae (Prevotella), 65, 93 

buccale (Mycoplasma), 582, 584, 590 

buccalis (Bacteroides), 32, 93 

buccalis (Leptotrichia), 12, 762, 766, 770 

buccalis (Prevotella), 4, 65, 93 

Buchnera aphidicola, 319, 616 

burgdorferi (Borrelia), 10, 485, 487, 488, 490, 
491, 493, 494—497 

burtonensis (Psychroserpens), 7, 111, 214, 
215, 223, 242, 261, 262, 288, 289, 324 

buteonis (Mycoplasma), 582, 584, 591 

butkevichii (Polaribacter), 256 

byssophila (Leadbetterella), 9, 388, 405, 406 


caccae (Bacteroides), 3, 28, 34 

caeni (Chryseobacterium), 5, 190 

caeni (Pedobacter), 339-342, 344, 345 

caldaria (Spirochaeta), 10, 476—478, 480, 484, 
502, 508, 522 

Caldicellulosiruptor, 778 

Caldicellulosiruptor saccharolyticus, 778 

californicum (Mycoplasma), 11, 582, 584, 591 

californiensis (Borrelia), 497 

calotermitidis (Diplocalyx), 16, 565 

calotermitidis (Pillotina), 10, 16, 565, 585 

Campylobacter, 39 

Campylobacter gracilis, 32 

Campylobacter rectus, 79 

canadense (Mycoplasma), 11, 582, 584, 591 


canadense (Sphingobacterium), 8, 333, 
334, 335 
canadensis (Flexibacter), 8, 340, 344, 392, 
394, 395, 396 
canale (Bacterium), 210, 211 
Canaleparolina darwiniensis, 565 
canalis parvis (Bacterium), 210, 211 
Candidatus Borrelia texasensis, 497 
CANDIDATUS BROCADIACEAE, 918, 
919-922 
CANDIDATUS BROCADIALES, 918, 919-922 
Zandidatus Cardinium hertigii, 9 
Zandidatus Clavichlamydia, 865, 866 
CANDIDATUS CLAVICHLAMYDIACEAE, 
845, 865 
Zandidatus Clavichlamydia salmonicola, 13, 
843, 845, 865, 866 
Candidatus Clavochlamydia salmonicola, 866 
Candidatus comitans, 332 
Zandidatus Fritschea, 13, 874, 875, 876 
Candidatus Fritschea bemisiae, 874, 875, 876 
Zandidatus Fritschea eriococci, 16, 874, 
875, 876 
Zandidatus Mycoplasma haematoparvum, 
586, 611 
Zandidatus Mycoplasma haemobos, 611 
Candidatus Mycoplasma haemodidelphidis, 
586, 612 
Candidatus Mycoplasma haemolamae, 
586, 612 
Candidatus Mycoplasma haemominutum, 
586, 612 
Candidatus Mycoplasma 
haemotarandirangiferis, 612 
Candidatus Mycoplasma kahaneii, 612 
Zandidatus Mycoplasma ravipulmonis, 586, 612 
Candidatus Mycoplasma turicensis, 612 
Zandidatus Phytoplasma, 11, 570, 581, 618, 
640, 647, 668, 687, 690, 696, 701, 702, 
708, 704 , 707—709 
Zandidatus Phytoplasma allocasuarinae, 703 
Jandidatus Phytoplasma americanum, 703 
Zandidatus Phytoplasma asteris, 569, 698, 703 
Jandidatus Phytoplasma aurantifolia, 703 
Zandidatus Phytoplasma australasia, 705 
Zandidatus Phytoplasma australiense, 698, 705 
Zandidatus Phytoplasma brasiliense, 705 
Zandidatus Phytoplasma caricae, 706 
Zandidatus Phytoplasma castaneae, 710 
Zandidatus Phytoplasma cynodontis, 710 
Zandidatus Phytoplasma fragariae, 710 
Zandidatus Phytoplasma fraxini, 710 
Zandidatus Phytoplasma graminis, 710 
Zandidatus Phytoplasma japonicum, 710 
Zandidatus Phytoplasma lycopersici, 710 
Jandidatus Phytoplasma mali, 698, 699, 710 
Zandidatus Phytoplasma omanense, 710 
Zandidatus Phytoplasma oryzae, 710 
Jandidatus Phytoplasma phoenicium, 711 
Zandidatus Phytoplasma pini, 711 
Zandidatus Phytoplasma prunorum, 711 
Zandidatus Phytoplasma pyri, 711 
Jandidatus Phytoplasma rhamni, 711 
Zandidatus Phytoplasma spartii, 711 
Zandidatus Phytoplasma trifolii, 711 
Zandidatus Phytoplasma ulmi, 711 
Zandidatus Phytoplasma ziziphi, 712 
Jandidatus Piscichlamydia, 872, 873 
CANDIDATUS PISCICHLAMYDIACEAE, 
18, 872 
Candidatus Piscichlamydia salmonis, 13, 845, 
872, 873 
Candidatus Procabacter, 868 
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Candidatus Protochlamydia, 870 
Zandidatus Protochlamydia amoebophila, 
870, 870, 871, 871 
Candidatus Rhabdochlamydia porcellionis, 
13, 845, 866, 873, 874 
Jandidatus Xiphinematobacter, 837, 838, 
839, 840 
Candidatus Xiphinematobacter americani, 
13, 840 
Zandidatus Xiphinematobacter brevicolli, 
13, 839 
Candidatus Xiphinematobacter rivesi, 13, 840 
cangingivalis (Porphyromonas), 64 
canifelinum (Fusobacterium), 748, 750, 754 
canigenitalium (Ureaplasma), 618, 621 
canimorsus (Capnocytophaga), 5, 168, 172, 
174, 175 
canis (Haemobartonella), 11, 599, 642 
canis (Mycoplasma), 11, 582, 584, 591 
canoris (Porphyromonas), 64 
cansulci (Porphyromonas), 4, 64, 66, 67 
cantharicola (Spiroplasma), 11, 661, 
668, 670 
capillosus (Bacteroides), 32, 38, 39 
capillus (Bacteroides), 3, 32, 93 
Capnocytophaga, 52, 72-75, 88, 107, 135, 
168, 169-173, 174, 175, 176, 198, 250 
Capnocytophaga canimorsus, 5, 168, 172, 
174, 175 
Capnocytophaga cynodegmi, 5, 168, 172, 
174, 175 
Capnocytophaga gingivalis, 5, 168, 169, 172, 
174, 175 
Capnocytophaga granulosa, 5, 168-170, 174, 
175, 176 
Capnocytophaga haemolytica, 5, 168, 172, 
174, 175, 176 
Capnocytophaga ochracea, 5, 32, 168, 169, 
171, 172, 174, 175 
Capnocytophaga sputigena, 5, 168, 169, 171, 
172, 174, 176 
capnocytophagoides (Dysgonomonas), 71-74, 
capricolum (Mycoplasma), 11, 579, 581, 
591, 592 
capricolum subsp. capricolum (Mycoplasma), 
569, 579, 584, 587, 592, 602 
capricolum subsp. capripneumoniae 
(Mycoplasma), 579, 581, 584, 592, 602 
Capsularis zoogleoformans, 101 
capsulatum (Acidobacterium), 12, 728 
capsulatum (Novosphingobium), 138 
carateum (Treponema), 501, 502, 503, 
505, 512 
Cardiobacterium, 772 
caricae (Candidatus Phytoplasma), 706 
caseinilytica (Lishizhenia), 7, 327, 328 
castaneae (Candidatus Phytoplasma), 710 
catalasitica (Crocinitomix), 7, 16, 326, 327, 
328, 395 
catena (Salegentibacter), 7, 266, 267, 268 
catena (Salinimicrobium), 7 
cati (Ureaplasma), 11, 621, 622 
catoniae (Oribaculum), 66-67 
catoniae (Porphyromonas), 4, 62, 64, 66 
caucasica (Borrelia), 10, 489, 493 
cauliformis (Sporocytophaga), 113, 136, 153, 
154, 418 
Caulobacter, 807, 905 
caviae (Chlamydophila), 13, 845, 860 
caviae (Mycoplasma), 11, 582, 584, 592 
cavigenitalium (Acholeplasma), 11, 689, 691 
cavipharyngis (Mycoplasma), 11, 583, 584, 592 
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cellobiosiphila (Spirochaeta), 477-478, 
481, 486 

cellulolyticus (Acetivibrio), 39 

Cellulophaga, 107, 176, 177, 178, 179, 201, 
230, 255, 284, 292, 293, 374 

Cellulophaga algicola, 5, 6, 176, 177, 178, 179 

Cellulophaga baltica, 5, 6, 176-178, 179, 180 

Cellulophaga fucicola, 6, 176-178, 179, 229 

Cellulophaga lytica, 6, 176-178, 179, 229, 
230, 373 

Cellulophaga pacifica, 5, 6, 176-179, 180 

Cellulophaga uliginosa, 179, 295 

cellulosilyticus (Bacteroides), 3 

cellulosolvens (Bacteroides), 3, 38, 39 

Cerasicoccus, 817, 824-826, 827, 828, 830 

Cerasicoccus arenae, 13, 825, 827 

certesii (Arenibacter), 5, 162, 163, 164 

ceti (Cetobacterium), 12, 752, 758 

ceti (Flavobacterium), 138 

Cetobacterium, 12, 748, 758 

Cetobacterium ceti, 12, 752, 758 

Cetobacterium somerae, 758 

chauliocola (Mesoplasma), 11, 650, 651 

cheniae (Flavobacterium), 138 

Chimaereicella, 9, 424, 428 

Chimaereicella alkaliphila, 428, 429 

Chimaereicella boritolerans, 428, 431 

chinense (Spiroplasma), 11, 661, 668, 
670, 677 

chitinivorans (Hymenobacter), 9, 398—400, 402 

Chitinophaga, 7, 8, 351, 352, 353, 356-358, 
371, 374, 394 

Chitinophaga arvensicola, 8, 351, 352, 353, 
356, 373 

CHITINOPHAGACEAE, 7, 8, 330, 351, 
352-357, 371 

Chitinophaga filiformis, 8, 352, 353, 356, 395 

Chitinophaga ginsengisegetis, 8, 352, 353, 354 

Chitinophaga ginsengisoli, 8, 351, 352, 353, 354 

Chitinophaga japonensis, 8, 351, 352, 353, 
355, 395 

Chitinophaga pinensis, 8, 351, 352, 353, 356 

Chitinophaga sancti, 8, 352, 353, 355, 356, 395 

Chitinophaga skermanii, 8, 351, 352, 353, 
355, 356 

Chitinophaga soli, 368 

Chitinophaga terrae, 351, 352, 353, 356 

Chlamydia, 845, 846, 847, 849-855, 857, 858, 
861, 865, 866-870, 872, 873 

CHLAMYDIACEAE, 13, 844, 845, 850, 852, 
855, 856, 858, 865, 866, 868-870, 872, 
873, 875, 877 

CHLAMYDIAE, 1, 2, 13, 15, 21, 24, 785, 786, 
843, 844, 852, 870, 872 

Chlamydia isopodii, 874 

CHLAMYDIALES, 13, 842, 844, 845, 
856-858, 877 

Chlamydia muridarum, 13, 849, 850, 
851—857, 859, 860, 866 

Chlamydia pecorum, 850-852, 854, 855, 
857-859, 860, 861, 866 

Chlamydia pneumoniae, 847-859, 860, 
861, 866 

Chlamydia psittaci, 847, 849-860, 861, 866 

Chlamydia suis, 849-855, 857, 859, 861, 866 

Chlamydia trachomatis, 13, 616, 846, 
849—853, 855-857, 858, 859-861, 866 

CHLAMYDIA, 844 

Chlamydophila, 13, 845, 858 

Chlamydophila abortus, 13, 845, 859 

Chlamydophila caviae, 13, 845, 860 

Chlamydophila felis, 13, 845, 860 

Chlamydophila pecorum, 13, 845 


Chlamydophila pneumoniae, 13 
Chlamydophila psittaci, 13, 845 
Chlorobi, 462, 463, 803 
CHLOROBIACEAE, 775 
Chlorobium tepidum, 461 
Chlorobium vibrioforme, 364, 368 
Chloroflexi, 775 
Chloroflexus aggregans, 725 
Chondromyces crocatus, 332 
chondrophila (Waddlia), 16, 877 
chordae (Algoriphagus), 9, 427, 430, 431 
Chromobacterium aquaticum, 138 
Chromobacterium aquatilis, 138 
Chryseobacterium, 5, 107, 108, 138, 165, 180, 
181-196, 203-206, 208-212, 227, 250, 
263, 271, 273, 274 
Chryseobacterium aquaticum, 5 
Chryseobacterium arothri, 5 
Chryseobacterium balustinum, 5, 182-184, 
186-190, 191, 193, 194, 212, 228 
Chryseobacterium bovis, 5 
Chryseobacterium caeni, 5, 190 
Chryseobacterium daecheongense, 5, 
181-184, 190, 191, 195, 196, 212 
Chryseobacterium daeguense, 190 
Chryseobacterium defluvii, 5, 182, 183, 
184, 190 
Chryseobacterium flavum, 5, 190 
Chryseobacterium formosense, 5, 182, 183, 
184, 189, 190, 192, 273, 274 
Chryseobacterium gambrini, 5, 190 
Chryseobacterium gleum, 5, 137, 180, 183, 
186, 188, 189, 190, 191, 192, 195, 196, 
206, 208 
Chryseobacterium gregarium, 5 
Chryseobacterium haifense, 5, 190 
Chryseobacterium hispanicum, 5, 180, 182, 
183, 184, 192 
Chryseobacterium hominis, 5, 190 
Chryseobacterium hungaricum, 5 
Chryseobacterium indologenes, 5, 182, 183, 
184, 186-191, 192, 196, 206, 208 
Chryseobacterium indoltheticum, 5, 137, 
182-184, 188, 189, 191, 192, 193-195 
Chryseobacterium jejuense, 5, 190 
Chryseobacterium jeonii, 5 
Chryseobacterium joostei 5, 181-184, 
187-189, 193, 194, 196 
Chryseobacterium luteum, 5, 190 
Chryseobacterium massiliae, 180, 187, 188, 
189, 196 
Chryseobacterium meningosepticum, 110, 
186, 189, 203, 205, 209, 253, 254 
Chryseobacterium miricola, 5, 186, 189, 203, 
205, 209, 210 
Chryseobacterium molle, 5, 190 
Chryseobacterium oranimense, 5 
Chryseobacterium pallidum, 5, 190 
Chryseobacterium piscium, 182-184, 188, 
193, 194 
Chryseobacterium proteolyticum, 180, 181, 
184, 186, 188, 189, 196 
Chryseobacterium scophthalmum, 5, 
181-184, 186-189, 192, 193, 194, 212 
Chryseobacterium shigense, 5, 181-184, 188, 
190, 194 
Chryseobacterium soldanellicola, 5, 182, 183, 
185-187, 190, 194, 195 
Chryseobacterium soli, 5, 190 
Chryseobacterium taeanense, 5, 182-184, 
186, 190, 195 
Chryseobacterium taichungense, 182, 183, 
185, 187, 189, 190, 195 


Chryseobacterium taiwanense, 5, 182, 183, 
185, 190, 195 

Chryseobacterium ureilyticum, 5, 190 

Chryseobacterium vrystaatense, 5, 182, 183, 
185, 188, 195, 196 

Chryseobacterium wanjuense, 5, 182, 183, 
185, 190, 196 

Chrysiogenes, 775 

chrysopicola (Spiroplasma), 11, 661, 668—669, 
670, 671 

Chthoniobacter, 836, 837 

Chthoniobacter flavus, 13, 834, 837 

circumdentaria (Porphyromonas), 4, 67 

citelli (Mycoplasma), 11, 582, 584, 592, 593 

citri (Spiroplasma), 11, 572, 654-669 

clarkii (Spiroplasma), 661, 666, 668, 671 

Clavichlamydia (Candidatus), 865, 866 

CLAVICHLAMYDIACEAE (CANDIDATUS), 
845, 865, 866 

Clavichlamydia salmonicola (Candidatus), 18, 
843, 845, 865, 866 

Clavochlamydia, 866 

CLAVOCHLAMYDIACEAE, 866 

Clavochlamydia salmonicola (Candidatus), 866 

Clevelandina, 9, 565 

Clevelandina reticulitermitidis, 10, 16, 565 

cloacale (Mycoplasma), 11, 582, 584, 593 

Cloacibacterium, 110, 197 

Cloacibacterium normanense, 197 

Clostridium, 38, 39, 750, 773 

Clostridium botulinum, 102 

Clostridium difficile, 751 

Clostridium innocuum, 571, 572, 667, 668 

Clostridium orbiscindens, 38 

Clostridium rectum, 762 

Clostridium thermocellum, 741 

coagulans (Bacteroides), 39, 40 

coccoides (Eperythrozoon), 11, 581, 611, 
640, 641 

coccoides (Mycoplasma), 11, 572, 583, 584, 
611, 641 

coccoides (Spirochaeta), 10, 472-473, 476, 
484, 485 

Coenonia, 198, 292 

Coenonia anatina, 5, 65, 111, 198, 250, 253, 
254, 292 

cohaerens (Herpetosiphon), 366, 367 

cohaerens (Lewinella), 8, 363, 366-367 

coleopterae (Mesoplasma), 11, 650, 651 

coli (Escherichia), 1, 72, 89, 111, 205, 211, 
253, 263, 281, 318, 341, 342, 385, 418, 
499, 535, 549, 597, 610, 617, 657, 658, 
660, 668, 699, 720—722, 750, 751, 796, 
797, 801, 806, 815, 818, 831, 835, 898 

collis (Mycoplasma), 11, 582, 584, 593 

columbina (Riemerella), 182, 185, 197, 253, 
254, 263, 264 

columbinasale (Mycoplasma), 11, 582, 584, 
593, 597 

columbinum (Mycoplasma), 11, 582, 584, 593 

columborale (Mycoplasma), 11, 582, 584, 593 

columnare (Flavobacterium), 112, 120, 
127—134, 136, 137, 140, 154, 373, 395 

columnaris (Cytophaga), 140, 373, 392 

columnaris (Flexibacter), 140, 373, 392, 394 

comitans (Candidatus), 332 

composti (Pedobacter), 345 

composti (Sphingobacterium), 8, 333, 
335, 336 

conjunctivae (Mycoplasma), 11, 569, 582, 
584, 593, 594 

copepodicola (Lacinutrix), 6, 231, 232, 249 

copri (Prevotella), 93 
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coprocola (Bacteroides), 3, 28, 34 

coprophilus (Bacteroides), 3 

coprosuis (Bacteroides), 3, 28, 34 

Coraliomargarita, 14, 24, 817, 824—826, 
827-830 

Coraliomargarita akajimensis, 13, 818, 826, 
827, 828, 829, 831 

coriaceae (Borrelia), 10, 489, 490, 493, 
494, 495 

corogypsi (Mycoplasma), 11, 582, 584, 594 

corporis (Bacteroides), 32, 94 

corporis (Prevotella), 4, 65, 94 

corruscae (Mesoplasma), 11, 650, 651 

corruscae (Spiroplasma), 11, 657, 661, 668, 
671, 677 

corynebacterioides (Nocardia), 138 

corynebacteroides (Rhodococcus), 138 

Costertonia, 5, 110, 199 

Costertonia aggregata, 5, 199 

cottewii (Mycoplasma), 11, 584, 594 

Crenothrix, 7, 457, 467 

CRENOTRICHACEAE, 3, 7, 8, 457, 467 

crevioricanis (Porphyromonas), 67 

Criblamydia, 24, 843, 866, 867 

CRIBLAMYDIACEAE, 13, 15, 24, 845, 867 

Criblamydia sequanensis, 13, 843, 866, 867 

cricetuli (Mycoplasma), 11, 582, 584, 594 

Cristispira, 10, 23, 473, 476, 498, 499, 500, 
501, 563, 565 

Cristispira pectinis, 10, 472, 498, 501 

crocatus (Chondromyces), 332 

crocea (Aequorivita), 7, 155-157 

Croceibacter, 6, 107, 199, 200, 265 

Croceibacter atlanticus, 6, 111, 199, 200, 223, 
242, 259, 324 

Croceitalea, 110 

croceum (Flavobacterium), 112, 128, 129, 
130, 133, 135-137, 141 

croceus (Pelagicoccus), 829, 833 

crocidurae (Borrelia), 10, 494 

Crocinitomix, 6, 22, 322, 326, 327, 328, 394 

Crocinitomix catalasitica, 7, 16, 326, 327, 
328, 395 

crocodyli (Mycoplasma), 11, 582, 584, 594 

crusticola (Dyadobacter), 380, 381, 384, 
385, 386 

cryoconitis (Pedobacter), 339-342, 344, 347 

Cryomorpha, 3, 5, 6, 7, 22, 105, 106, 110, 322, 
323, 324, 325, 326, 327, 328, 329, 394 

CRYOMORPHACEAE, 3, 5, 6, 7, 22, 105, 106, 
110, 322, 323-329, 394 

Cryomorpha ignava, 7, 16, 323, 324, 325, 328 

cryptotermitidis (Diplocalyx), 565 

cucumis (Flavobacterium), 138 

cuenoti (Blattabacterium), 7, 315, 320 

culicicola (Spiroplasma), 11, 661, 668, 671 

CYANOBACTERIA, 737, 775 

CYCLOBACTERIACEAE, 9, 370, 423, 
424—440 

Cyclobacterium, 8, 9, 390, 405, 417, 428, 
424—429, 434, 435, 437-439 

Cyclobacterium amurskyense, 423, 424, 
425, 435 

Cyclobacterium lianum, 423, 424, 425 

Cyclobacterium marinum, 9, 368, 379, 390, 
393, 423, 424, 435 

cynodegmi (Capnocytophaga), 5, 168, 172, 
174, 175 

cynodontis (Candidatus Phytoplasma), 710 

cynos (Mycoplasma), 11, 582, 584, 594 

Cytophaga, 8, 31, 49, 51, 52, 53, 55, 106, 110, 
135, 137, 168, 179, 189, 190, 209, 210, 
229, 244, 256, 257, 288, 293, 324, 328, 


340, 344, 352, 364, 370, 371, 373, 374, 
375, 418, 428, 433, 442, 456, 457, 461, 737 

Cytophaga agarovorans, 50, 373 

Cytophaga allerginae, 132, 136, 153 

Cytophaga aprica, 52, 373, 374, 442, 443 

Cytophaga aquatilis, 145, 373 

Cytophaga arvensicola, 352, 364, 373, 374 

Cytophaga aurantiaca, 154, 368, 373, 374, 379 

CYTOPHAGACEAE, 3, 8, 9, 22, 370, 371, 372, 
374, 375, 376, 378, 380—382, 384, 385, 
386, 388, 390, 392, 394, 396, 398, 400, 
402, 404—408, 410, 412, 414, 416, 418 

Cytophaga columnaris, 140, 373, 392 

Cytophaga diffluens, 52, 373, 374, 442, 443, 
450, 451 

Cytophaga fermentans, 4, 50, 52, 53, 57, 373, 
374, 384 

Cytophaga flevensis, 373 

Cytophaga heparina, 339, 343-345, 373, 374 

Cytophaga hutchinsonii, 9, 179, 368, 371, 
373, 374, 379, 384, 393, 741 

jytophaga johnsonae, 146, 241, 355, 373 

Cytophaga latercula, 161, 229, 373, 374 

CYTOPHAGALES, 8, 22, 105, 370, 376, 380, 
401, 404 

ytophaga lytica, 52, 176, 179, 373, 374 

Cytophaga marina, 279, 281, 373, 374 

Cytophaga marinoflava, 57, 179, 234, 373, 374 

Cytophaga pectinovora, 148, 373 

Cytophaga psychrophila, 149, 154, 373, 392 

Cytophaga saccharophila, 150, 373 

Cytophaga salmonicolor, 49-51, 370, 373 

Cytophaga succinicans, 151, 373 

Cytophaga uliginosa, 179, 293, 295, 374 

Cytophaga xylanolytica, 49-52, 374, 375 

Cytophagia, 3, 7, 8, 9, 370, 394, 436, 453 


daecheongense (Chryseobacterium), 5, 
181-184, 190, 191, 195, 196, 212 

daechungensis (Pedobacter), 8, 345 

daeguense (Chryseobacterium), 190 

daejeonense (Flavobacterium), 129, 133, 136, 
137, 141 

daejeonense (Sphingobacterium), 8, 333, 336 

darwiniensis (Canaleparolina), 565 

Dechloromonas agitata, 725 

Deferribacter, 737, 775 

DEFERRIBACTERES, 737 

defluvii (Chryseobacterium), 5, 182-184, 190 

defluvii (Flavobacterium), 112, 128, 130, 133, 
136, 137 

defluvii (Runella), 412, 413, 414 

degerlachei (Flavobacterium), 127, 128, 132, 
137, 141, 144, 149 

Deinococci, 775 

Deinococcus, 775 

delafieldii (Ilyobacter), 759, 760 

denitrificans (Flavobacterium), 106, 112, 127, 
129, 130, 133, 136, 137 

dentalis (Prevotella), 5, 94, 105 

denticola (Bacteroides), 95 

denticola (Prevotella), 4, 65, 95 

denticola (Treponema), 472, 476, 486, 501, 
502, 503, 504, 510, 512, 513, 516, 523, 535 

deserti (Hymenobacter), 9 

diabroticae (Spiroplasma), 11, 661, 668, 
671,672 

diaphorus (Krokinobacter), 7, 230, 231 

Dichelobacter nodosus, 32 

DICTYOGLOMALES, 12, 775, 776 

DICTYOGLOMACEAE, 12, 23, 776 

DICTYOGLOMI, 1, 2, 12, 21, 23, 775, 776 

DICTYOGLOMIA, 12, 776 


Dictyoglomus, 13, 23, 776, 777-779 

Dictyoglomus thermophilum, 776, 778, 779 

Dictyoglomus turgidum, 778, 779 

difficile (Clostridium), 751 

diffluens (Cytophaga), 52, 373, 374, 443, 
450, 451 

diffluens (Persicobacter), 9, 54, 450, 451, 452 

diminutum (Spiroplasma), 11, 661, 668, 
670, 672 

Diplocalyx, 9, 16, 23, 565 

Diplocalyx calotermitidis, 16, 565 

Diplocalyx cryptotermitidis, 565 

disiens (Bacteroides), 32, 95 

disiens (Prevotella), 65, 95 

dispar (Mycoplasma), 11, 582, 584, 594, 595 

distasonis (Bacteroides), 33, 34, 35, 74 

distasonis (Parabacteroides), 4, 33, 35, 70, 
77,78 

diversum (Ureaplasma), 11, 616-618, 621, 622 

dokdonensis (Donghaeana), 202 

dokdonensis (Maribacter), 5—6, 236, 237 

dokdonensis (Polaribacter), 256 

Dokdonia, 7, 107, 201, 229 

Dokdonia donghaensis, 7, 201 

domesticum (Pseudosphingobacterium), 8 

Donghaeana, 201, 202 

Donghaeana dokdonensis, 202 

donghaensis (Dokdonia), 7, 201 

dorei (Bacteroides), 3, 28, 35 

dorotheae (Flexithrix), 9, 394, 396, 442, 449 

dugesii (Borrelia), 489, 494 

duraquae (Pedobacter), 345 

duttonii (Borrelia), 10, 489, 490, 494, 496 

Dyadobacter, 380, 381, 382-386 

Dyadobacter alkalitolerans, 9 

Dyadobacter beijingensis, 380, 381, 384, 
385, 386 

Dyadobacter crusticola, 380, 381, 384, 
385, 386 

Dyadobacter fermentans, 380, 381, 384, 385, 
386, 413 

Dyadobacter ginsengisoli, 380, 381, 384, 386 

Dyadobacter hamtensis, 380, 381, 384, 385, 387 

Dyadobacter koreensis, 380, 381, 384, 385, 387 

Dysgonomonas, 4, 61, 71, 72-76 

Dysgonomonas capnocytophagoides, 71—74, 
75, 76 

Dysgonomonas gadei, 4, 71, 72-74 

Dysgonomonas mossii, 4, 71-74, 75, 76 


Echinicola, 427—429, 437, 438, 439 

echinicola (Gramella), 7, 226 

Echinicola pacifica, 9, 437, 439 

Echinicola vietnamensis, 437, 439, 440 

echinicomitans (Roseivirga), 448, 453, 454 

echinorum (Arenibacter), 5 

eckloniae (Flagellimonas), 5, 16 

Edaphobacter, 725, 726, 728, 729, 730 

Edaphobacter aggregans, 729, 730 

Edaphobacter modestus, 12, 729 

edwardii (Mycoplasma), 11, 582, 584, 595 

Effluviibacter, 372, 387, 388, 398 

Effluviibacter roseus, 9, 387, 388, 398 

eggerthii (Bacteroides), 3, 28, 32, 35 

ehrenbergii (Roseivirga), 9, 394, 448, 453, 
454, 455 

EHRLICHIACEAE, 110 

eikastus (Krokinobacter), 7, 230, 231 

Eikenella, 408 

elegans (Flexibacter), 353, 392, 394, 396 

elephantis (Mycoplasma), 11, 582, 584, 595 

Elizabethkingia, 107, 108, 180, 181, 186, 189, 
202, 203-206, 208, 209, 212, 273, 274 
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Elizabethkingia meningoseptica, 5, 110, 137, 
138, 182, 184-186, 189, 202-208, 209 

Elizabethkingia miricola, 182, 185, 203-206, 
208-209, 210 

ellychniae (Entomoplasma), 11, 646, 647-648 

ellychniae (Mycoplasma), 646, 647 

Empedobacter, 107, 108, 136, 180, 181, 208, 
206, 210, 211, 285, 286 

Empedobacter aquatile, 138 

Empedobacter breve, 210, 212 

Empedobacter brevis, 5, 137, 189, 206, 208, 
210, 211, 274, 286, 287 

Emticicia, 372, 388, 389 

Emticicia ginsengisoli, 9 

Emticicia oligotrophica, 388, 389 

endodontalis (Bacteroides), 32, 67 

endodontalis (Porphyromonas), 67 

enoeca (Prevotella), 4, 65, 95 

ENTEROBACTERIACEAE, 823 

Enterococcus, 183, 750 

entomophilum (Acholeplasma), 650, 651, 692 

entomophilum (Mesoplasma), 11, 650, 
651, 692 

Entomoplasma, 11, 568, 570, 571, 581, 618, 
640, 644, 645, 646, 647, 649, 650, 662, 
667, 690 

Entomoplasma ellychniae, 11, 646, 647-648 

Entomoplasma freundtii, 646, 647, 648, 668 

Entomoplasma lucivorax, 11, 646, 648 

Entomoplasma luminosum, 646, 648 

Entomoplasma somnilux, 646, 649 

ENTOMOPLASMATACEAE, 11, 570, 574, 
644, 645, 647, 650, 654, 657, 667, 675, 
692, 694 

ENTOMOPLASMATALES, 10, 11, 570—572, 
574, 575, 581, 644, 647, 650, 687, 692, 
694, 719 

Eperythrozoon, 11, 570, 581, 639, 640, 641, 642 

Eperythrozoon coccoides, 11, 581, 611, 
640, 641 

Eperythrozoon mariboi, 642 

Eperythrozoon ovis, 11, 606, 641 

Eperythrozoon parvum, 641 

Eperythrozoon suis, 609, 641 

Eperythrozoon teganodes, 642 

Eperythrozoon tuomii, 642 

Eperythrozoon wenyonii, 611, 641 

epidermidis (Staphylococcus), 67, 68, 211 

Epilithonimonas tenax, 5, 181, 182, 185, 212 

epiphytica (Winogradskyella), 7, 289 

equifetale (Acholeplasma), 689, 692 

equigenitalium (Mycoplasma), 11, 582, 584, 
595, 647 

equinum (Fusobacterium), 748, 751, 754 

equirhinis (Mycoplasma), 11, 582, 584, 595 

eriococci (Fritschea), 16, 874, 875, 876 

eriococci (Candidatus Fritschea), 16, 874, 
875, 876 

Erysipelothrix, 571 

ERYSIPELOTRICHI, 571 

Escherichia, 823 

Escherichia coli, 1, 72, 89, 111, 205, 211, 253, 
263, 281, 318, 341, 342, 385, 418, 499, 
535, 549, 597, 610, 617, 657, 658, 660, 
668, 699, 720—722, 750, 751, 796, 797, 
801, 806, 815, 818, 831, 835, 898 

esteraromaticum (Microbacterium), 138 

Eudoraea, 110 

eximia (Winogradskyella), 7, 290 


Fabibacter, 442, 444, 447, 448, 453 
Fabibacter halotolerans, 9, 442, 447, 448, 
453, 454 


faecale (Acetomicrobium), 43, 44 

faecium (Sphingobacterium), 8, 331-333, 
336, 344 

fainei (Leptospira), 10, 547, 554, 555, 556 

falconis (Mycoplasma), 11, 582, 584, 595 

falsenii (Wautersiella), 5, 285, 286, 287 

farinofermentans (Flavobacterium), 138 

fastidiosum (Mycoplasma), 11, 583, 584, 595, 
596, 613 

faucium (Mycoplasma), 11, 582, 584, 596 

felifaucium (Mycoplasma), 11, 582, 
584, 596 

feliminutum (Mycoplasma), 11, 581, 584, 
596, 690 

felinum (Ureaplasma), 11, 616, 621, 622 

felis (Chlamydophila), 13, 845, 860 

felis (Haemobartonella), 599, 642 

felis (Mycoplasma), 11, 582, 584, 596 

fermentans (Cytophaga), 4, 50, 52, 53, 57, 
373, 374, 384 

fermentans (Dyadobacter), 380, 381, 384, 
385, 386, 413 

fermentans (Geothrix), 12, 733 

fermentans (Mycoplasma), 11, 578-580, 582, 
584, 596, 597 

ferruginea (Gallionella), 468 

ferrugineum (Flavobacterium), 356, 357 

Ferruginibacter, 35 

Fibrobacter, 12, 32, 739, 740, 741, 743 

FIBROBACTERES, 1, 2, 12, 21, 23, 737, 738 

FIBROBACTERIA, 12, 737, 739 

Fibrobacter intestinalis, 739—741, 743, 744 

Fibrobacter succinogenes, 12, 32, 738, 739, 
740, 741, 742, 743, 744 

Fibrobacter succinogenes subsp. elongatus, 
740, 743 

Fibrobacter succinogenes subsp. 
succinogenes, 740, 743 

filamentus (Polaribacter), 5, 255, 256 

filiformis (Chitinophaga), 8, 352, 353, 356, 395 

filiformis (Flexibacter), 352, 353, 374, 
392, 394 

Filimonas, 351 

Filomicrobium, 908 

filum (Flavobacterium), 138 

finegoldii (Alistipes), 58, 59, 60 

finegoldii (Bacteroides), 3, 35 

FIRMICUTES, 3, 10, 25, 38, 39, 567, 571, 667, 
668, 723, 779 

Flagellimonas, 5, 110 

Flagellimonas eckloniae, 5, 16 

Flammeovirga, 8, 9, 374, 392, 408, 409, 442, 
443, 444, 446, 449, 450 

Flammeovirga aprica, 9, 52, 373, 393, 443 

Flammeovirga arenaria, 395, 409, 443, 447 

FLAMMEOVIRGACEAE, 3, 8, 9, 370, 442, 
443—456, 465 

Flammeovirga kamogawensis, 442 

Flammeovirga yaeyamensis, 442, 443, 
447, 457 

flava (Sediminitomix), 9 

flavefaciens (Ruminococcus), 741 

flavescens (Leptobacterium), 7 

flavescens (Muricauda), 6, 241-244 

flavidum (Acetomicrobium), 42, 43, 44 

Flavihumibacter, 351 

Flavihumibacter petaseus, 358 

Flaviramulus basaltis, 6, 213, 214 

Flavisolibacter, 8, 351 

Flavisolibacter ginsengisoli, 8 

FLAVOBACTERIA, 2, 16, 27, 58, 62, 109, 
127, 128, 132, 135, 188, 211, 214, 215, 
241, 243 


937 


FLAVOBACTERIACEAE, 5, 6, 105, 106, 
107-112, 128, 132, 134—137, 139, 154, 
168, 176-181, 187-189, 200-203-206, 
209—216, 219-223, 227, 229-231, 234, 
238, 239, 241, 242, 244, 245, 250, 253- 
255, 258-266, 269, 271, 273, 275-279, 
284, 285, 288, 292, 322, 324, 331, 340, 
370, 371, 373, 393-395, 408 

Flavobacteriales, 5, 7, 105, 106, 112, 317 

FLAVOBACTERIIA, 2, 5, 6, 7, 105, 106, 112, 
133, 317, 370 

Flavobacterium, 5, 31, 52, 105, 106, 107, 112, 
115, 117, 119, 120, 121, 123, 125, 127, 
128, 129, 130-134, 135, 136, 137, 138, 
140, 143, 145-147, 148, 153, 154, 181, 
186, 189, 190, 202, 203, 205, 207—209, 
211, 246, 250, 286, 319, 328, 332, 340, 
373, 394 

Flavobacterium acidificum, 5 

Flavobacterium acidurans, 5, 138 

Flavobacterium anhuiense, 138 

Flavobacterium antarcticum, 5, 112, 127, 129, 
130, 137, 139 

Flavobacterium aquatile, 5, 112, 127, 128, 129, 
135-138, 145, 181, 189, 241, 274, 373 

Flavobacterium aquatilis, 138 

Flavobacterium aquidurense, 112, 128, 133, 
136, 139 

Flavobacterium balustinum, 191 

Flavobacterium branchiophilum, 112, 129, 
130, 132, 133, 134, 135, 136, 139 

Flavobacterium breve, 210, 211 

Flavobacterium brevis, 210, 211 

Flavobacterium ceti, 138 

Flavobacterium cheniae, 138 

Flavobacterium columnare, 112, 120, 
127—134, 136, 137, 140, 154, 373, 395 

Flavobacterium croceum, 112, 128, 129, 130, 
133, 135-137, 141 

Flavobacterium cucumis, 138 

Flavobacterium daejeonense, 129, 133, 136, 
137, 141 

Flavobacterium defluvii, 112, 128, 130, 133, 
136, 137 

Flavobacterium degerlachei, 127, 128, 132, 
137, 141, 144, 149 

Flavobacterium denitrificans, 106, 112, 127, 
129, 130, 133, 136, 137 

Flavobacterium farinofermentans, 138 

Flavobacterium ferrugineum, 356, 357 

Flavobacterium filum, 138 

Flavobacterium flevense, 129, 130, 136, 

137, 373 

Flavobacterium frigidarium, 129, 130, 137, 142 

Flavobacterium frigidimaris, 130, 131, 133, 
136, 137, 143 

Flavobacterium frigoris, 127, 128, 132, 137, 
143, 144, 149 

Flavobacterium fryxellicola, 137, 143, 149 

Flavobacterium gelidilacus, 112, 130, 137, 144 

Flavobacterium gillisiae, 137, 144 

Flavobacterium glaciei, 112, 129, 130, 133, 
136, 137, 144 

Flavobacterium gleum, 180, 190 

Flavobacterium gondwanense, 260, 261 

Flavobacterium granuli, 112, 134, 137, 144 

Flavobacterium heparinum, 339, 341, 342, 
343, 344, 345 

Flavobacterium hercynium, 112, 128, 133, 
136, 145 

Flavobacterium hibernum, 129, 130, 131, 145 

Flavobacterium hydatis, 112, 128, 130, 132, 
134, 136, 145, 153, 373 
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Flavobacterium indicum, 112, 127, 130, 133, 
135-137, 146 

Flavobacterium indologenes, 192 

Flavobacterium indoltheticum, 192 

Flavobacterium johnsoniae, 112, 127-134, 
136, 140, 146, 147, 153, 154, 206, 259, 
373, 394, 395 

Flavobacterium limicola, 128-130, 147 

Flavobacterium lindanitolerans, 138 

Flavobacterium meningosepticum, 203, 
209, 342 

Flavobacterium micromati, 128, 130, 137, 
143, 144, 148, 149 

Flavobacterium mizutaii, 138, 332, 337 

Flavobacterium multivorum, 337 

Flavobacterium oceanosedimentum, 5, 138 

Flavobacterium odoratum, 135, 136, 245, 246 

Flavobacterium omnivorum, 5, 112, 117, 129, 
133, 137, 148 

Flavobacterium pectinovorum, 129, 130, 136, 
148, 154, 373 

Flavobacterium psychrolimnae, 5, 112, 125, 
137, 143, 144, 149 

Flavobacterium psychrophilum, 5, 112, 125, 
127-134, 136, 140, 149, 373, 395 

Flavobacterium resinovorum, 138 

Flavobacterium saccharophilum, 5, 125, 129, 
130, 136, 149, 150, 154, 373 

Flavobacterium salegens, 266 

Flavobacterium saliperosum, 5, 107, 112, 125, 
130, 133, 136, 137, 150 

Flavobacterium scophthalmum, 194 

Flavobacterium segetis, 5, 112, 125, 129, 130, 
133, 136, 137, 150 

Flavobacterium soli, 129, 130, 133, 136, 
137, 151 

Flavobacterium spiritivorum, 331, 333 

Flavobacterium succinicans, 5, 112, 125, 130, 
132, 134, 135, 136, 151, 373 

Flavobacterium suncheonense, 5, 119, 129, 
130, 133, 136, 137, 151 

Flavobacterium tegetincola, 5, 119, 129, 
130, 151 

Flavobacterium terrae, 5, 138 

Flavobacterium terrigena, 5, 138 

Flavobacterium thalpophilum, 338 

Flavobacterium thermophilum, 5, 138 

Flavobacterium uliginosum, 293, 295 

Flavobacterium weaverense, 5, 112, 119, 129, 
130, 133, 136, 137, 152 

Flavobacterium xanthum, 5, 119, 128-130, 
136, 137, 144, 149, 152 

Flavobacterium xinjiangense, 119, 129, 130, 
133, 137, 152 

Flavobacterium yabuuchiae, 137, 331, 333 

flavum (Chryseobacterium), 5, 190 

flavum (Promyxobacterium), 136, 154 

flavus (Chthoniobacter), 13, 834, 837 

flavus (Salegentibacter), 7, 266, 267, 268 

Flectobacillus, 258, 383, 385, 389, 391, 405, 
413, 416, 417, 423, 424 

Flectobacillus glomeratus, 255, 257, 391 

Flectobacillus lacus, 389, 391 

Flectobacillus major, 9, 258, 377, 379, 389, 
390, 391, 424 

Flectobacillus marinus, 391, 423, 424 

flevense (Flavobacterium), 129, 130, 136, 
137, 373 

flevensis (Cytophaga), 373 

Flexibacter, 51, 135, 136, 147, 241, 340, 372, 
3774, 385, 392, 394, 395, 396, 407, 408, 
409, 442 

FLEXIBACTERACEAE, 3, 8, 9, 405, 407 


Flexibacter aggregans, 9, 392, 394, 408, 
409, 449 
Flexibacter aurantiacus, 153, 154, 392, 394 
Flexibacter aurantiacus var. excathedrus, 113, 
136, 153, 154, 392 
Flexibacter canadensis, 8, 340, 344, 392, 
394, 395 
Flexibacter columnaris, 140, 373, 392, 394 
Flexibacter elegans, 353, 392, 394, 396 
Flexibacter filiformis, 352, 353, 374, 392, 394 
Flexibacter flexilis, 9, 392, 394, 395 
Flexibacter japonensis, 352, 355, 374, 392, 394 
Flexibacter litoralis, 392, 394, 396, 409 
Flexibacter maritimus, 279, 281, 374, 392, 394 
Flexibacter ovolyticus, 283, 392, 394 
Flexibacter polymorphus, 392, 394, 409 
Flexibacter psychrophilus, 149, 373, 392, 394 
Flexibacter roseolus, 9, 392, 394, 397 
Flexibacter ruber, 9, 392, 394, 397 
Flexibacter sancti, 352, 355, 374, 392, 394 
Flexibacter tractuosus, 9, 229, 392, 394, 
397, 409 
flexilis (Flexibacter), 9, 392, 394, 395 
Flexithrix, 371, 394, 442, 444, 446, 448, 449 
Flexithrix dorotheae, 9, 394, 396, 442, 449 
flocculare (Mycoplasma), 11, 578, 582, 
584, 597 
floricola (Spiroplasma), 656-657, 661, 
666—668, 672 
florum (Acholeplasma), 649, 650, 692 
florum (Mesoplasma), 11, 569, 572, 649, 650 
fluorescens (Pseudomonas), 211 
Fluviicola, 322, 327 
Fluviicola taffensis, 7, 325, 327, 398 
foetida (Holophaga), 12, 732 
Formosa, 16, 107, 110, 157, 158, 166, 178, 
192, 214, 215-218, 221-223, 291 
formosa (Zavarzinella), 16 
Formosa agariphila, 106, 215, 216, 217 
Formosa algae, 7, 214, 215, 217, 218 
formosense (Chryseobacterium), 5, 182-184, 
189, 190, 192, 273, 274 
forsythus (Bacteroides), 3, 32, 33, 74, 79-81 
fragariae (Candidatus Phytoplasma), 710 
fragilis (Bacteroides), 3, 27, 30, 32, 33-34, 
36, 38, 45, 55, 62, 79, 87, 89, 132, 242, 
461, 769 
franzmannii (Polaribacter), 229, 256 
fraxini (Candidatus Phytoplasma), 710 
freundtii (Entomoplasma), 646, 647, 648, 668 
frigidarium (Flavobacterium), 129, 130, 
137, 142 
frigidimaris (Flavobacterium), 130, 131, 133, 
136, 137, 143 
frigoris (Flavobacterium), 127, 128, 132, 137, 
143, 144, 149 
Fritschea bemisiae, 874, 875, 876 
Fritschea bemisiae (Candidatus), 874, 875, 876 
Fritschea eriococci, 16, 874, 875, 876 
Fritschea eriococci (Candidatus), 16, 874, 
875, 876 
fryxellicola (Flavobacterium), 137, 143, 149 
fucanivorans (Mariniflexile), 6 
fucicola (Cellulophaga), 6, 176-178, 179, 229 
Fulvibacter, 110 
Fulvibacter tottoriensis, 7 
Fulvivirga kasyanovii, 9 
fumarolicum (Acidimethylosilex), 795-797 
furcosa (Anaerorhabdus), 32, 45 
furcosus (Bacteroides), 3, 32, 45 
furfurosus (Sediminibacter), 6 
furvescens (Marinoscillum), 444 
furvescens (Microscilla), 384, 393, 408, 409, 442 


fusiforme (Fusobacterium), 753 

fusiformis (Bacillus), 748, 753 

fusiformis (Sphaerophorus), 754 

FUSOBACTERIA, 2, 12, 747, 748-772 

FUSOBACTERIACEAE, 12, 23, 748 

FUSOBACTERIALES, 12, 747 

FUSOBACTERIIA, 12, 747 

Fusobacterium, 12, 612, 747, 748—755, 7577, 
758, 760, 762, 766 

Fusobacterium canifelinum, 748, 750, 754 

Fusobacterium equinum, 748, 751, 754 

Fusobacterium fusiforme, 753 

Fusobacterium gonidiaformans, 748, 750, 
751, 755 

Fusobacterium mortiferum, 748, 750—52, 755 

Fusobacterium naviforme, 748, 751, 755 

Fusobacterium necrogenes, 748, 750, 751, 755 

Fusobacterium necrophorum, 748, 750, 751, 
752, 755-757 

Fusobacterium necrophorum subsp. 
funduliforme, 750, 752, 756 

Fusobacterium necrophorum subsp. 
necrophorum, 750, 756 

Fusobacterium nucleatum, 12, 79, 748b, 750, 
751, 752, 753, 754, 757, 762, 766 

Fusobacterium nucleatum subsp. animalis, 
750, 753, 754 

Fusobacterium nucleatum subsp. fusiforme, 
750, 753, 754 

Fusobacterium nucleatum subsp. nucleatum, 
750, 751, 753, 754 

Fusobacterium nucleatum subsp. 
polymorphum, 750, 751, 753, 754 

Fusobacterium nucleatum subsp. vincentii, 
750, 751, 753, 754 

Fusobacterium perfoetens, 756 

Fusobacterium periodonticum, 748, 750, 
751, 756 

Fusobacterium plautii, 753, 754 

Fusobacterium plauti-vincentii, 753, 754 

Fusobacterium polymorphum, 753, 754 

Fusobacterium russii, 748, 751, 757 

Fusobacterium simiae, 748, 750, 751, 757 

Fusobacterium ulcerans, 748, 750, 751, 757 

Fusobacterium varium, 748, 750, 751, 752, 
757, 758 


gadei (Dysgonomonas), 4, 71, 72-74 
Gaetbulibacter, 108, 110, 158, 214—216, 218, 
288, 289, 291 
Gaetbulibacter marinus, 6 
Gaetbulibacter saemankumensis, 6, 214, 
218, 291 
Gaetbulimicrobium, 108, 110, 159, 292 
Gaetbulimicrobium brevivitae, 159 
galactanivorans (Zobellia), 6, 236, 293 
galacturonicus (Bacteroides), 39, 40 
Galbibacter, 110 
Galbibacter mesophilus, 5 
gallinaceum (Mycoplasma), 11, 582, 584, 597 
gallinarum (Bacteroides), 3 
gallinarum (Mycoplasma), 11, 582, 584, 597 
Gallionella, 468 
Gallionella ferruginea, 468 
gallisepticum (Mycoplasma), 11, 569, 
577-579, 583, 584, 588, 597, 598, 601, 
602, 610 
gallopavonis (Mycoplasma), 11, 582, 584, 598 
gallorale (Ureaplasma), 11, 618, 622 
gambrini (Chryseobacterium), 5, 190 
GAMMAPROTEOBACTERIA, 875 
garinii (Borrelia), 485, 488, 490, 494, 495—497 
gateae (Mycoplasma), 11, 582, 584, 598 
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Gelidibacter, 108, 159, 181, 203, 214, 216, 
219-221, 276-278, 291 

Gelidibacter algens, 6, 215, 219, 220, 221, 291 

Gelidibacter gilvus, 6, 219, 220, 221, 291 

Gelidibacter mesophilus, 5, 6, 219, 220, 221 

Gelidibacter salicanalis, 6, 219, 220, 221, 278 

gelidilacus (Flavobacterium), 112, 130, 
137, 144 

gelidisalsuginis (Bizionia), 7, 167, 168 

gelipurpurascens (Hymenobacter), 9, 
398-400, 402 

Gemmata, 881, 889, 893, 897—903, 905, 909, 
911, 912 

Gemmata obscuriglobus, 16, 891, 893, 898, 
899, 900 

GEMMATIMONADACEAE, 13, 782, 784 

GEMMATIMONADALES, 13, 781 

GEMMATIMONADETES, 1, 2, 13, 21, 23, 
737, 781—783 

Gemmatimonas, 13, 781, 782—784 

Gemmatimonas aurantiaca, 13, 782—784 

genikus (Krokinobacter), 7, 230, 233 

genitalium (Mycoplasma), 11, 569, 576, 578, 
579, 581, 583, 585, 598, 599, 607, 616, 659 

Geothrix, 725, 726, 728, 732, 733, 734 

Geothrix fermentans, 12, 733 

Gillisia, 5, 108, 144, 221, 222, 223-225, 255 

gillisiae (Flavobacterium), 137, 144 

Gillisia hiemivivida, 7, 221, 222, 224, 225 

Gillisia illustrilutea, 7, 221, 222, 224, 225 

Gillisia limnaea, 7, 221, 222, 224 

Gillisia mitskevichiae, 7, 221, 222, 224, 225 

Gillisia myxillae, 7, 221, 222, 224, 225 

Gillisia sandarakina, 7, 221, 222, 224, 225, 226 

Gilvibacter sediminis, 7 

gilvus (Gelidibacter), 6, 219, 220, 221, 291 

gingivalis (Bacteroides), 32, 67 

gingivalis (Capnocytophaga), 5, 168, 169, 
172, 174, 175 

gingivalis (Porphyromonas), 62-64, 67, 68, 79 

gingivicanis (Porphyromonas), 68, 69, 70 

ginsengisegetis (Chitinophaga), 8, 352, 
353, 354 

ginsengisoli (Chitinophaga), 8, 351, 352, 
353, 354 

ginsengisoli (Dyadobacter), 380, 381, 
384, 386 

ginsengisoli (Emticicia), 9 

ginsengisoli (Flavisolibacter), 8 

ginsengisoli (Olivibacter), 8 

glaciale (Brumimicrobium), 7, 16, 323-326, 
328, 329 

glaciei (Flavobacterium), 112, 129, 130, 133, 
136, 137, 144 

gladiatoris (Spiroplasma), 11, 661, 668, 
672, 677 

glaucopis (Meniscus), 9, 406—408 

glaucopis (Meniscus), 9, 406, 407, 408 

gleum (Chryseobacterium), 5, 137, 180, 183, 
186, 188, 189, 190, 191, 192, 195, 196, 
206, 208 

gleum (Flavobacterium), 180, 190 

glomeratus (Flectobacillus), 255, 257, 391 

glomeratus (Polaribacter), 257, 379, 390 

glucosidilyticus (Pedobacter), 245 

glycophilum (Mycoplasma), 11, 582, 585, 599 

goldsteinii (Bacteroides), 28, 35 

goldsteinii (Parabacteroides), 4, 33, 35 

gondwanense (Flavobacterium), 260, 261 

gondwanensis (Psychroflexus), 138, 260, 261 

gonidiaformans (Fusobacterium), 748, 750, 
751, 755 

goodfellowii (Leptotrichia), 12, 766, 767 


gracilis (Bacteroides), 32 

gracilis (Campylobacter), 32 

gracilis (Mucilaginibacter), 8 

graingeri (Borrelia), 10, 489, 494 

Gramella, 108, 226, 239 

Gramella echinicola, 7, 226 

Gramella portivictoriae, 7, 226, 227 

graminis (Candidatus Phytoplasma), 710 

grammopterae (Mesoplasma), 11, 650, 651 

grandis (Saprospira), 8, 324, 359, 360, 361, 
362-364, 366—368, 393 

granularum (Acholeplasma), 11, 689-691, 692 

granuli (Flavobacterium), 112, 134, 137, 144 

granulosa (Capnocytophaga), 5, 168-170, 
174, 175, 176 

gregarium (Chryseobacterium), 5 

gromovii (Mariniflexile), 6, 238—239 

gulae (Porphyromonas), 68, 70 

guttaeformis (Planctomyces), 16, 881, 887, 
891, 892, 894 

gypis (Mycoplasma), 11, 582, 585, 599 


haematoparvum (Candidatus Mycoplasma), 
586, 611 

Haemobartonella, 11, 23, 570, 581, 599, 
639-641, 642, 643 

Haemobartonella canis, 11, 599, 642 

Haemobartonella felis, 599, 642 

Haemobartonella muris, 11, 599, 642 

Haemobartonella procyoni, 643 

haemobos (Candidatus Mycoplasma), 611 

haemocanis (Mycoplasma), 11, 579-580, 583, 
585, 599, 642, 643 

haemodidelphidis (Candidatus Mycoplasma), 
586, 612 

haemofelis (Mycoplasma), 11, 579, 583, 585, 
599, 612, 642, 643 

haemolamae (Candidatus Mycoplasma), 
586, 612 

haemolytica (Capnocytophaga), 5, 168, 172, 
174-176 

haemominutum (Candidatus Mycoplasma), 
586, 612 

haemomuris (Mycoplasma), 11, 583, 585, 
599, 600, 642 

haemotarandirangiferis (Candidatus 
Mycoplasma), 612 

Haemophilus, 772 

haifense (Chryseobacterium), 5, 190 

HALANAEROBIALES, 460, 879 

Halanaerobium, 879 

Haliscomenobacter hydrossis, 8, 363-365, 
366-368 

Hallella, 5, 94, 105 

Hallella seregens, 5, 94, 105 

halmophila (Halomonas), 138 

Haloarcula marismortui, 460 

HALOBACTERIACEAE, 461, 462 

HALOBACTERIALES, 460, 

Halobacterium, 460 

Halobacterium salinarum, 460 

Haloferula, 13 

Haloferula harenae, 13 

Haloferula helveola, 13 

Haloferula phyci, 13 

Haloferula rosea, 13 

Haloferula sargassicola, 13 

Halomonas, 138 

Halomonas halmophila, 138 

halophila (Hongiella), 428, 431 

halophila (Spirochaeta), 10, 472, 474—478, 
481, 484—485, 501-502 

halophilus (Algoriphagus), 9, 427, 430, 431 
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halotolerans (Fabibacter), 9, 442, 447—448, 
453-454 

hamtensis (Dyadobacter), 380, 381, 384, 385, 
387 

harenae (Haloferula), 13 

hartmannellae (Neochlamydia), 843, 869 

hartonius (Pedobacter), 345 

harveyi (Borrelia), 10, 489, 494 

helcogenes (Bacteroides), 3, 30, 36 

helicoides (Spiroplasma), 11, 661, 668, 
672, 677 

helveola (Haloferula), 13 

heparina (Cytophaga), 339, 343-345, 373, 374 

heparinolytica (Prevotella), 5 

heparinolyticus (Bacteroides), 32 

heparinum (Flavobacterium), 339, 341, 342, 
343, 344, 345 

heparinum (Sphingobacterium), 332, 339, 
344-345 

heparinus (Pedobacter), 8, 138, 330, 339, 
340-342, 344, 345 

hercynium (Flavobacterium), 112, 128, 133, 
136, 145 

hermsii (Borrelia), 10, 488—492, 494—495, 497 

Herpetosiphon, 366, 367, 468 

Herpetosiphon cohaerens, 366, 367 

Herpetosiphon nigricans, 367 

Herpetosiphon persicus, 367 

hibernum (Flavobacterium), 129-131, 145 

hiemivivida (Gillisia), 7, 221, 222, 224, 225 

himalayensis (Pedobacter), 339-342, 
344, 347 

hippikon (Acholeplasma), 689, 692 

hispanica (Borrelia), 10, 494, 495 

hispanicum (Chryseobacterium), 5, 180, 
182-184, 192 

hofstadii (Leptotrichia), 12, 766, 767, 768 

Hollandina, 9, 10, 23, 565 

Hollandina pterotermitidis, 10, 565 

Holophaga, 12, 23, 725, 726, 728, 731, 732, 
733, 734 

HOLOPHAGACEAE, 12, 23, 725, 731, 732 

HOLOPHAGAE, 12, 12, 23, 725, 731 

Holophaga foetida, 12, 732 

HOLOPHAGALES, 12, 23, 725, 731 

holothuriorum (Salegentibacter), 7, 266, 
267, 269 

hominis (Chryseobacterium), 5, 190 

hominis (Mycoplasma), 11, 569, 572, 
577-580, 582, 583, 585, 600, 613, 614 

Hongiella, 9, 405, 424, 428, 431, 432, 434, 435 

Hongiella halophila, 428, 431 

Hongiella mannitolivorans, 428, 432 

Hongiella marincola, 432 

Hongiella ornithinivorans, 428, 432 

hongkongensis (Owenweeksia), 7, 324, 325, 
328, 329 

Humibacter, 351 

hungaricum (Chryseobacterium), 5 

hutchinsonii (Cytophaga), 9, 179, 368, 371, 
373, 374, 379, 384, 393, 741 

hydatis (Flavobacterium), 112, 128, 130, 132, 
134, 136, 145, 153, 373 

hydrophila (Aeromonas), 211 

hydrossis (Haliscomenobacter), 8, 363—365, 
366-368 

Hymenobacter, 9, 22, 372, 387, 388, 397, 404 

Hymenobacter actinosclerus, 9, 398, 399, 
400, 401 

Hymenobacter aerophilus, 9, 398, 399, 
401, 402 

Hymenobacter chitinivorans, 9, 398-400, 402 

Hymenobacter deserti, 9 
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Hymenobacter gelipurpurascens, 9, 
398-400, 402 

Hymenobacter norwichensis, 9, 398-400, 
402, 403 

Hymenobacter ocellatus, 9, 398—400, 403 

Hymenobacter psychrotolerans, 9, 404 

Hymenobacter rigui, 9, 398-400, 403 

Hymenobacter roseosalivarius, 9, 387, 388, 
398, 399, 400 

Hymenobacter soli, 9, 404 

Hymenobacter xinjiangensis, 9, 398, 399, 
403, 404 

hyodysenteriae (Brachyspira), 508, 531, 532, 
534-538, 539, 540 

hyodysenteriae (Serpula), 539 

hyodysenteriae (Serpulina), 537, 539 

hyodysenteriae (Treponema), 508, 535, 540 

hyopharyngis (Mycoplasma), 11, 582, 585, 600 

hyopneumoniae (Mycoplasma), 11, 569, 
577-579, 582, 585, 597, 600, 601 

hyorhinis (Mycoplasma), 11, 577—578, 580, 
582, 585, 600—601 

hyosynoviae (Mycoplasma), 11, 579, 582, 
585, 601 

hypermegale (Megamonas), 32 

hypermegale (Megamonas), 32 

hypermegas (Bacteroides), 32 

Hyphomicrobium, 908 

Hyphomonas, 881, 908 


ignava (Cryomorpha), 7, 16, 323, 324, 
325, 328 

ignava (Johnsonella), 47, 84, 104 

iguanae (Mycoplasma), 11, 582, 585, 601 

illini (Leptonema), 10, 547, 551, 557, 558 

illustrilutea (Gillisia), 7, 221, 222, 224, 225 

Ilyobacter, 12, 759, 760, 761 

Ilyobacter delafieldii, 759, 760 

Ilyobacter insuetus, 759, 760 

Ilyobacter polytropus, 12, 759, 760 

Ilyobacter tartaricus, 12, 759, 760, 761 

imitans (Mycoplasma), 11, 583, 585, 598, 
601, 602 

imshenetskii (Alkaliflexus), 4, 53 

inadai (Leptospira), 10, 547, 554, 555, 556 

indicum (Flavobacterium), 112, 127, 130, 
133, 135-137, 146 

indiense (Mycoplasma), 11, 582, 585, 601 

indologenes (Chryseobacterium), 5, 182-184, 
186-191, 192, 196, 206, 208 

indologenes (Flavobacterium), 192 

indoltheticum (Chryseobacterium), 5, 137, 
182-184, 188, 189, 191, 192, 193-195 

indoltheticum (Flavobacterium), 192 

iners (Mycoplasma), 11, 582, 585, 597, 
601, 609 

innocens (Brachyspira), 532, 534, 535, 
537-538, 539, 540 

innocens (Serpula), 539 

innocens (Serpulina), 537, 539 

innocens (Treponema), 508, 537 

innocuum (Clostridium), 571, 572, 667, 668 

insolitum (Spiroplasma), 11, 657, 661, 668, 
672, 673 

insons (Mycoplasma), 576, 577, 583, 585, 613 

insperata (Larkinella), 9, 404, 405, 417 

insuetus (Ilyobacter), 759, 760 

insulae (Pedobacter), 8 

intermedia (Aquimarina), 7, 159, 160, 161 

intermedia (Brachyspira), 532-534, 536-539, 
540, 550 

intermedia (Prevotella), 65, 79, 82, 87, 96, 99 

intermedia (Serpulina), 537, 539, 540 


intermedium (Anaeroplasma), 12, 720-722 

intermedius (Bacteroides), 32, 96 

interrogans (Leptospira), 10, 535, 547, 
553, 557 

intestinalis (Bacteroides), 3, 36 

intestinalis (Fibrobacter), 738-741, 743, 744 

intestinihominis (Barnesiella), 4 

iowae (Mycoplasma), 11, 583, 585, 602, 647 

irgensii (Polaribacter), 106, 241, 258, 259 

ishigakijimensis (Roseibacillus), 13 

isopodii (Chlamydia), 874 

isoptericolens (Treponema), 502 

Isosphaera, 880, 881, 889, 897, 899, 900, 
901-903, 909, 911, 913, 914 

Isosphaera pallida, 16, 880, 896, 899, 900, 
901-903, 914, 919 

isovalerica (Spirochaeta), 10, 474—478, 481, 
486, 502, 522 

ixodetis (Spiroplasma), 11, 572, 657, 661, 
663, 666-668, 673 


japonensis (Chitinophaga), 8, 351, 352, 353, 
355, 395 

japonensis (Flexibacter), 352, 355, 374, 392, 
394 

japonica (Borrelia), 10, 485, 489, 492, 495, 
496, 497 

japonicum (Candidatus Phytoplasma), 710 

jejuense (Chryseobacterium), 5, 190 

Jejuia, 110 

Jejuia pallidilutea, 305 

jeonii (Chryseobacterium), 5 

jeonii (Sejongia), 5, 182, 185, 271-273, 274 

jodogahamensis (Persicitalea), 9 

johnsonae (Cytophaga), 146, 241, 355, 373 

Johnsonella ignava, 47, 84, 104 

johnsoniae (Flavobacterium), 112, 127-134, 
136, 140, 146, 147, 153, 154, 206, 259, 
373, 394, 395 

joostei (Chryseobacterium), 5, 181-184, 
187-189, 193, 194, 196 

Joostella, 5, 110 

Joostella marina, 5 


kahaneii (Candidatus Mycoplasma), 612 

Kaistella, 108, 180, 208, 212, 227, 228, 271, 
273, 274 

Kaistella koreensis, 5, 182, 184, 203, 227, 
228, 274 

kamogawensis (Flammeovirga), 442 

kasyanovii (Fulvivirga), 9 

Kingella, 250 

kirschneri (Leptospira), 10, 547, 548, 554 

kitahiroshimense (Sphingobacterium), 8, 
333, 336 

Kordia, 108, 159, 228-230, 269 

Kordia algicida, 159, 228-230, 242 

koreensis (Dyadobacter), 380, 381, 384, 385, 387 

koreensis (Kaistella), 5, 182, 184, 203, 227, 
228, 274 

koreensis (Niastella), 8, 351, 393 

koreensis (Pedobacter), 345 

koreensis (Segetibacter), 8 

Kriegella, 110 

Krokinobacter, 7, 230, 231 

Krokinobacter diaphorus, 7, 230, 231 

Krokinobacter eikastus, 7, 230, 231 

Krokinobacter genikus, 7, 230, 233 

kunkelii (Spiroplasma), 655, 658-662, 
664—668, 673, 698 


Lacibacter, 351 
Lacinutrix, 158, 231, 249, 288, 289 
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Lacinutrix algicola, 6 

Lacinutrix copepodicola, 6, 231, 232, 249 

Lacinutrix mariniflava, 6 

Lactobacillus, 571, 667, 766 

Lactococcus, 750 

lactucae (Mesoplasma), 11, 650, 652 

lactucae (Mycoplasmai), 650, 652 

lacus (Flectobacillus), 389, 391 

lagogenitalium (Mycoplasma), 11, 582, 
585, 602 

laidlawii (Acholeplasma), 11, 569, 580, 668, 
688—690, 691, 692, 699 

laminariae (Zobellia), 6, 294 

lampyridicola (Spiroplasma), 11, 654, 661, 
668, 673 

Larkinella, 390, 404, 405, 407 

Larkinella insperata, 9, 404, 405, 417 

latercula (Aquimarina), 7, 159, 160, 161, 373 

latercula (Cytophaga), 161, 229, 373, 374 

latercula (Stanierella), 107, 111, 159, 161, 
223, 242 

latericius (Arenibacter), 5—6, 162, 163, 164 

latyschewii (Borrelia), 10, 489, 495 

leachii (Mycoplasma), 578, 585-587, 592, 602 

Leadbetterella, 405, 406 

Leadbetterella byssophila, 9, 388, 405, 406 

lecithinolyticum (Treponema), 502, 512, 513 

lectus (Algibacter), 6, 157, 158, 214, 218, 238, 
249, 269 

Leeuwenhoekiella, 200, 232, 233, 234, 
284, 374 

Leeuwenhoekiella aequorea, 7, 233, 234 

Leeuwenhoekiella blandensis, 7, 132, 233, 234 

Leeuwenhoekiella marinoflava, 7, 232, 233, 
234, 284 

Legionella, 196 

Legionella pneumophila, 211, 868 

leguminosarum (Rhizobium), 332 

Lentisphaera, 13, 785-790, 796, 843 

Lentisphaera araneosa, 13, 788, 789, 790, 792 

LENTISPHAERACEAE, 13, 23, 788 

LENTISPHAERAE, 2, 13, 21, 785, 786-793 

LENTISPHAERALES, 785, 787, 788 

LENTISPHAERIA, 13, 787 

lentus (Pedobacter), 345 

leonicaptivi (Mycoplasma), 11, 582, 585, 602 

leopharyngis (Mycoplasma), 11, 582, 585, 
602, 603 

leptinotarsae (Spiroplasma), 11, 661-662, 
666, 668, 673, 674 

Leptobacterium, 5 

Leptobacterium flavescens, 7 

Leptonema, 477, 545-547, 550-552, 556, 
557, 558 

Leptonema illini, 10, 547, 551, 557, 558 

Leptospira, 10, 23, 472, 476, 477, 491, 508, 
534, 545, 546-559 

Leptospira alexanderi, 10, 547, 553 

Leptospira biflexa, 10, 547-549, 551, 553, 
555, 557 

Leptospira borgpetersenii, 10, 547-549, 
553, 554 

Leptospira broomii, 10, 547, 554, 556 

LEPTOSPIRACEAE, 9, 10, 471—473, 546, 
547-559 

Leptospira fainei, 10, 547, 554, 555, 556 

Leptospira inadai, 10, 547, 554, 555, 556 

Leptospira interrogans, 10, 535, 547, 
548—553, 557 

Leptospira kirschneri, 10, 547, 548, 554 

Leptospira licerasiae, 10, 547, 554, 555 

Leptospira meyeri, 547, 555 

Leptospira noguchii, 10, 555 
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Leptospira parva, 547, 558, 559 

Leptospira santarosai, 10, 555 

Leptospira weilii, 10, 547, 555 

Leptospira wolbachii, 10, 547, 555 

Leptospira wolffii, 10, 547, 555, 556 

Leptotrichia, 758, 766—769 

Leptotrichia amnionii, 767 

Leptotrichia buccalis, 12, 762, 766, 767, 770 

Leptotrichia goodfellowii, 12, 766, 767 

Leptotrichia hofstadii, 12, 766, 767, 768 

Leptotrichia sanguinegens, 766, 770 

Leptotrichia shahii, 767, 768 

Leptotrichia trevisanii, 766, 769 

Leptotrichia wadei, 12, 769 

leucomae (Spiroplasma), 11, 674 

levii (Bacteroides), 32, 68 

levii (Porphyromonas), 64, 68 

Lewinella, 358, 364, 366, 367, 368 

Lewinella agarilytica, 8, 367 

Lewinella antarctica, 8, 367 

Lewinella cohaerens, 8, 363, 366-367 

Lewinella lutea, 8, 367 

Lewinella marina, 8, 367 

Lewinella nigricans, 8, 367 

Lewinella persica, 8, 367, 368 

lianum (Cyclobacterium), 423, 424, 425 

licerasiae (Leptospira), 10, 547, 554, 555 

Limibacter armeniacum, 9 

limicola (Flavobacterium), 128-130, 147 

limnaea (Gillisia), 7, 221, 222, 224 

limnophilus (Planctomyces), 881, 886, 891, 
892, 893, 900, 911 

limosa (Runella), 412-414, 415 

lindanitolerans (Flavobacterium), 138 

lineolae (Spiroplasma), 11, 661, 668, 674 

linguale (Spirosoma), 9, 377, 379, 384, 390, 
393, 405, 415, 416, 417 

lipofaciens (Mycoplasma), 11, 582, 585, 603 

lipolytica (Aequorivita), 7, 155-157 

lipophilum (Mycoplasma), 11, 582, 585, 
603, 613 

Lishizhenia, 327, 328 

Lishizhenia caseinilytica, 7, 327, 328 

litorale (Spiroplasma), 11, 661, 668, 671, 
674, 677 

litoralis (Flexibacter), 392, 394, 396, 409 

litoralis (Lutibacter), 5, 234, 235 

litoralis (Pelagicoccus), 818, 826, 829, 830, 
831, 833 

litoralis (Spirochaeta), 10, 472, 474—478, 482, 
486, 501, 522 

litoralis (Ulvibacter), 7, 283, 284 

locisalis (Algoriphagus), 9, 426, 427, 430, 432 

loescheii (Bacteroides), 32, 96 

loescheii (Prevotella), 4, 65, 82, 96 

lonestari (Borrelia), 498 

longa (Salisaeta), 462 

lucivorax (Entomoplasma), 11, 646, 648 

lucivorax (Mycoplasma), 648 

luminosum (Entomoplasma), 646, 648 

luminosum (Mycoplasma), 648 

lusitaniae (Borrelia), 485, 489, 492, 495, 496 

Lutaonella, 110 

lutea (Lewinella), 8, 367 

lutea (Rudanella), 9 

Luteolibacter, 800 

Luteolibacter algae, 799, 802, 803 

Luteolibacter pohnpeiensis, 13, 799, 802, 803 

luteum (Chryseobacterium), 5, 190 

luteus (Sediminicola), 6, 242, 270 

Lutibacter, 110, 229, 234, 235, 280 

Lutibacter litoralis, 5, 234, 235 

lutimaris (Muricauda), 6 


Lutimonas vermicola, 5 

lycopersici (Candidatus Phytoplasma), 710 

lytica (Cellulophaga), 6, 176-178, 179, 229, 
230, 373 

lytica (Cytophaga), 52, 176, 179, 373, 374 


macacae (Bacteroides), 68 

macacae (Porphyromonas), 64, 68, 69 

macrodentium (Treponema), 520 

maculosa (Prevotella), 4 

maculosum (Mycoplasma), 11, 582, 585, 603 

major (Flectobacillus), 9, 258, 377, 379, 389, 
390, 391, 424 

mali (Candidatus Phytoplasma), 698, 699, 710 

maltophilia (Xanthomonas), 211 

maltophilum (Treponema), 502, 510, 511, 
513,514 

mannitolivorans (Algoriphagus), 9, 426, 427, 
430, 432 

mannitolivorans (Hongiella), 428, 432 

Maribacter, 6, 108, 162—163, 178, 199, 

232-234, 235, 236-238, 241, 245, 270, 

284, 293 

Maribacter aquivivus, 5-6, 235-236, 237 

Maribacter dokdonensis, 5—6, 236, 237 

Maribacter orientalis, 5-6, 236, 237, 238 

Maribacter sedimenticola, 5-6, 111, 162, 

235-237, 242, 324 

Maribacter ulvicola, 5-6, 235-237, 238 

mariboi (Eperythrozoon), 642 

marilimosa (Olleya), 6, 111, 242, 249 

marina (Aureispira), 8, 361, 363, 393 

marina (Blastopirellula), 16, 895, 896. 897, 
898, 904, 905, 907, 908 

marina (Cytophaga), 279, 281, 373, 374 

marina (Joostella), 5 

marina (Lewinella), 8, 367 

marina (Microscilla), 9, 360, 393, 395, 408, 
409, 410 

marina (Pirella), 895, 897 

marina (Pirellula), 886, 895, 905 

marina (Rubritalea), 13, 801, 812, 814, 
826, 831 

marincola (Algoriphagus), 9, 426, 430, 432 

marincola (Hongiella), 432 

Marinicola, 448, 453 

Marinicola seohaensis, 384, 448, 453, 456 

mariniflava (Lacinutrix), 6 

Mariniflexile, 5, 110, 238, 239 

Mariniflexile fucanivorans, 6 

Mariniflexile gromovii, 6, 238-239 

Marinilabilia, 4, 49, 50—53, 373 

Marinilabilia agarovorans, 4, 50-52 

MARINILABILIACEAE, 3, 4, 25, 49 

Marinilabilia salmonicolor, 4, 49, 50, 51—53, 
324, 373 

marinoflava (Cytophaga), 57, 179, 234, 
373, 374 

marinoflava (Leeuwenhoekiella), 7, 232, 233, 
234, 284 

Marinoscillum, 442, 444 

Marinoscillum furvescens, 444 

marinum (Cyclobacterium), 9, 368, 379, 390, 
393, 423, 424, 435 

marinus (Flectobacillus), 391, 423, 424 

marinus (Gaetbulibacter), 6 

marinus (Rhodothermus), 9, 458, 459, 461, 
462, 466 

maris (Planctomyces), 881, 886, 892, 893, 
899, 900, 911 

maris (Propionigenium), 761, 762 

marismortui (Haloarcula), 460 

maritima (Aureispira), 8, 363 


maritimus (Flexibacter), 279, 281, 374, 
392, 394 

maritypicum (Microbacterium), 138 

Marixanthomonas ophiurae, 7 

marshii (Prevotella), 65, 97 

Massilia, 36, 102, 196 

massiliae (Chryseobacterium), 180, 
187-189, 196 

massiliensis (Bacteroides), 3, 29, 36 

massiliensis (Prevotella), 87, 102 

mazzottii (Borrelia), 489, 495 

medium (Treponema), 502, 513, 514 

Megamonas, 3, 17, 25, 32 

Megamonas hypermegale, 32 

melaleucae (Entomoplasma), 647, 648 

melaleucae (Mycoplasma), 647, 648 

melaninogenica (Prevotella), 4, 65, 82, 86, 88 

melaninogenicum (Bacterium), 86, 88 

melaninogenicus (Bacteroides), 32, 62, 64, 
68, 88 

melaninogenicus subsp. macacae 
(Bacteroides), 68 

meleagridis (Mycoplasma), 11, 579, 582, 585, 
597, 603 

melliferum (Spiroplasma), 11, 655-659, 661, 
664, 668, 674, 852 

meningoseptica (Elizabethkingia), 5, 110, 137, 
138, 182, 184—186, 189, 202—208, 209 

meningosepticum (Chryseobacterium), 110, 
186, 189, 203, 205, 209, 253, 254 

meningosepticum (Flavobacterium), 208, 
209, 342 

Meniscus, 372, 406, 407—408 

Meniscus glaucopis, 9, 406-408 

merdae (Bacteroides), 29, 33, 36 

merdae (Parabacteroides), 33 

Mesoflavibacter, 5, 22, 22, 110 

Mesoflavibacter zeaxanthinifaciens, 7 

Mesonia, 5, 22, 108, 221-223, 226, 239, 240, 

255, 269 

Mesonia algae, 7, 111, 160, 223, 226, 233, 239, 

239, 240, 242 

Mesonia mobilis, 7, 240, 240 

mesophilus (Galbibacter), 5 

mesophilus (Gelidibacter), 5, 6, 219, 220, 221 

Mesoplasma, 11, 23, 568, 570-571, 574, 

581, 618, 640, 644—647, 649, 650, 667, 

687, 690 

Mesoplasma chauliocola, 11, 650, 651 

Mesoplasma coleopterae, 11, 650, 651 

Mesoplasma corruscae, 11, 650, 651 

Mesoplasma entomophilum, 11, 650, 651, 692 

Mesoplasma florum, 11, 569, 572, 649, 650 

Mesoplasma grammopterae, 11, 650, 651 

Mesoplasma lactucae, 11, 650, 652 

Mesoplasma photuris, 11, 649-650, 652 

Mesoplasma pleciae, 573, 645, 647, 650, 

690, 694 

Mesoplasma seiffertii, 11, 650, 652, 668, 694 

Mesoplasma syrphidae, 11, 650, 652 

Mesoplasma tabanidae, 11, 650, 652 

metabolipauper (Pedobacter), 345 

METHANOBACTERIALES, 879 

Methanobacterium, 879 

Methanobacterium formicicum, 78 

METHANOCOCCALES, 879 

Methanococcus, 879 

METHANOMICROBIALES, 879 

Methanomicrobium, 879 

Methanospirillum hungatei, 792 

meyeri (Leptospira), 547, 555 

Microbacterium esteraromaticum, 138 

Microbacterium maritypicum, 138 
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Microcyclus, 389, 391, 407, 417, 424 

Microcyclus aquaticus, 471 

microfusus (Bacteroides), 32, 56 

microfusus (Rikenella), 4, 55, 56 

Microlunatus phosphovorus, 782 

micromati (Flavobacterium), 128, 130, 137, 

143, 144, 148, 149 

Microscilla, 8, 22, 135, 371, 372, 385, 392-395, 

408, 409, 410 

Microscilla furvescens, 384, 393, 408, 409, 442 

Microscilla marina, 9, 360, 393, 395, 408, 

409, 410 

Microscilla sericea, 393, 394, 408, 409, 442 

microti (Mycoplasma), 11, 583, 585, 603, 604 

mikhailovii (Algibacter), 6 

minutum (Treponema), 10, 504, 514, 518 

miricola (Chryseobacterium), 5, 186, 189, 
203, 205, 209, 210 

miricola (Elizabethkingia), 182, 185, 203-206, 
208—209, 210 

mirum (Spiroplasma), 656-657, 661, 
663—669, 674, 675 

mishustinae (Salegentibacter), 7, 266-268, 269 

mitskevichiae (Gillisia), 7, 221, 222, 224, 225 

Mitsuaria chitosanitabida, 186 

Mitsuokella, 32, 94 

Mitsuokella dentalis, 94, 105 

Mitsuokella multacida, 32 

miyamotoi (Borrelia), 487, 489, 491, 495 

mizutaii (Flavobacterium), 138, 332, 337 

mizutaii (Sphingobacterium), 8, 331-333, 337 

moatsii (Mycoplasma), 11, 582, 585, 604 

mobile (Mycoplasma), 11, 569, 576-578, 582, 
585, 604 

mobilis (Mesonia), 7, 240 

mobilis (Mesonia), 240 

mobilis (Pelagicoccus), 13, 818, 829, 830, 831 

modestum (Propionigenium), 12, 758, 759, 
7/61, 762 

modestus (Edaphobacter), 12, 729 

modicum (Acholeplasma), 11, 688-690, 692 

molare (Mycoplasma), 11, 582, 587, 604 

molle (Chryseobacterium), 5, 190 

MOLLICUTES, 1, 2, 10, 16, 21, 23, 567, 568, 
570-572, 574, 581, 602, 611, 616, 618, 
620, 640, 644, 647, 656, 660, 662, 667, 
668, 687, 690, 696, 700, 703, 719, 721, 723 

moniliformis (Streptobacillus), 12, 752, 767, 
770-772 

monobiae (Spiroplasma), 657, 661, 664, 
668, 675 

montanense (Spiroplasma), 11, 661, 668, 
670, 675 

Moraxella anatipestifer, 263 

mortiferum (Fusobacterium), 748, 
750—752, 755 

morum (Acholeplasma), 11, 574, 688, 
689, 693 

mossii (Dysgonomonas), 4, 71-74, 75, 76 

Mucilaginibacter, 7, 8, 22 

Mucilaginibacter gracilis, 8 

Mucilaginibacter paludis, 8 

muciniphila (Akkermansia), 809, 810, 811 

muelleri (Aquimarina), 7, 158, 159, 160 

multiacidus (Bacteroides), 32 

multiformis (Prevotella), 65, 97 

multilocale (Acholeplasma), 11, 689, 690, 693 

multisaccharivorax (Prevotella), 65, 97 

multivorum (Flavobacterium), 337 

multivorum (Sphingobacterium), 8, 137, 
330-332, 337, 340, 344, 384 

murdochii (Brachyspira), 532-534, 538-540 

murdochii (Serpulina), 537 


Muricauda, 5, 22, 106, 108, 110, 135, 162, 
163, 199, 232, 233, 240, 241-245, 265, 
270, 284, 293 

Muricauda aquimarina, 6, 240—244 

Muricauda flavescens, 6, 241—244 

Muricauda lutimaris, 6 

Muricauda ruestringensis, 6, 111, 162, 223, 
240—244, 265 

muridarum (Chlamydia), 13, 849, 850, 
851—857, 859, 860, 866 

muris (Actinobacillus), 772 

muris (Haemobartonella), 11, 599, 642 

muris (Mycoplasma), 11, 240, 578, 583, 

585, 604 

mustelae (Mycoplasma), 11, 582, 585, 604 

mycoides (Mycoplasma), 11, 569, 572, 575, 
577—581, 583, 586, 587, 602, 644, 645, 
656, 657, 662, 667—669, 697 

mycoides subsp. capri (Mycoplasma), 579, 
583, 586 

mycoides subsp. mycoides (Mycoplasma), 569, 
572, 578, 579, 581, 583, 586, 587, 602 

Mycoplasma mycoides subsp. capri, 579, 
583, 586 

Mycoplasma mycoides subsp. mycoides, 569, 
572, 578, 579, 581, 583, 586, 587, 602 

Mycoplasma, 10, 11, 23, 488, 568, 571, 

574, 575, 576—581, 583-585, 587, 640, 
641, 644, 645, 647, 650, 654, 656, 658, 
660, 667, 669, 688-690, 693, 698, 702, 
719-721, 723 

Mycoplasma adleri, 11, 582, 584, 587 

Mycoplasma agalactiae, 11, 569, 578, 579, 

582, 584, 587, 590 

Mycoplasma agassizii, 11, 582, 584, 587 

Mycoplasma alkalescens, 11, 582, 584, 587, 588 

Mycoplasma alligatoris, 11, 577, 582, 584, 588 

Mycoplasma amphoriforme, 11, 583, 584, 

588, 610 

Mycoplasma anatis, 11, 582, 584, 588, 589 

Mycoplasma anseris, 11, 109, 584, 589 

Mycoplasma arginini, 11, 580, 582, 584, 

588, 589 

Mycoplasma arthritidis, 11, 569, 578-580, 

582, 584, 589 

Mycoplasma auris, 11, 582, 584, 589 

Mycoplasma bovigenitalium, 11, 582, 584, 

589, 590 

Mycoplasma bovirhinis, 11, 578, 582, 584, 590 

Mycoplasma bovis, 11, 578, 579, 582, 584, 

587, 590 

Mycoplasma bovoculi, 11, 582, 584, 590 

Mycoplasma buccale, 582, 584, 590 

Mycoplasma buteonis, 582, 584, 591 

Mycoplasma californicum, 11, 582, 584, 591 

Mycoplasma canadense, 11, 582, 584, 591 

Mycoplasma canis, 11, 582, 584, 591 

Mycoplasma capricolum, 11, 579, 581, 591, 592 

Mycoplasma capricolum subsp. capricolum, 

569, 579, 584, 587, 592, 602 

Mycoplasma capricolum subsp. 

capripneumoniae, 579, 581, 584, 592, 602 

Mycoplasma caviae, 11, 582, 584, 592 

Mycoplasma cavipharyngis, 11, 583, 584, 592 

Mycoplasma citelli, 11, 582, 584, 592, 593 

Mycoplasma cloacale, 11, 582, 584, 593 

Mycoplasma coccoides, 11, 572, 583, 584, 

611, 641 

Mycoplasma collis, 11, 582, 584, 593 

Mycoplasma columbinasale, 11, 582, 584, 

593, 597 

Mycoplasma columbinum, 11, 582, 584, 593 

Mycoplasma columborale, 11, 582, 584, 593 
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Mycoplasma conjunctivae, 11, 569, 582, 584, 
593, 594 

Mycoplasma corogypsi, 11, 582, 584, 594 
Mycoplasma cottewii, 11, 584, 594 
Mycoplasma cricetuli, 11, 582, 584, 594 
Mycoplasma crocodyli, 11, 582, 584, 594 
Mycoplasma cynos, 11, 582, 584, 594 
Mycoplasma dispar, 11, 582, 584, 594, 595 
Mycoplasma edwardii, 11, 582, 584, 595 
Mycoplasma elephantis, 11, 582, 584, 595 
Mycoplasma ellychniae, 646, 647 
Mycoplasma equigenitalium, 11, 582, 584, 
595, 647 

Mycoplasma equirhinis, 11, 582, 584, 595 
Mycoplasma falconis, 11, 582, 584, 595 
Mycoplasma fastidiosum, 11, 583, 584, 595, 
596, 613 

Mycoplasma faucium, 11, 582, 584, 596 
Mycoplasma felifaucium, 11, 582, 584, 596 
Mycoplasma feliminutum, 11, 581, 584, 

596, 690 

Mycoplasma felis, 11, 582, 584, 596 
Mycoplasma fermentans, 11, 578-580, 582, 
584, 596, 597 

Mycoplasma flocculare, 11, 578, 582, 

584, 597 

Mycoplasma gallinaceum, 11, 582, 584, 597 
Mycoplasma gallinarum, 11, 582, 584, 597 
Mycoplasma gallisepticum, 11, 569, 577-579, 
583, 584, 588, 597, 598, 601, 602, 610 
Mycoplasma gallopavonis, 11, 582, 584, 598 
Mycoplasma gateae, 11, 582, 584, 598 
Mycoplasma genitalium, 11, 569, 576, 578, 
579, 581, 583, 585, 598, 599, 607, 616, 659 
Mycoplasma glycophilum, 11, 582, 585, 599 
Mycoplasma gypis, 11, 582, 585, 599 
Mycoplasma haematoparvum (Candidatus), 
586, 611 

Mycoplasma haemobos (Candidatus), 611 
Mycoplasma haemocanis, 11, 579-580, 583, 
585, 599, 642, 643 

Mycoplasma haemodidelphidis (Candidatus), 
586, 612 

Mycoplasma haemofelis, 11, 579, 583, 585, 
599, 612, 642-643 

Mycoplasma haemolamae (Candidatus), 
586, 612 

Mycoplasma haemominutum (Candidatus), 
586, 612 

Mycoplasma haemomuris, 11, 583, 585, 599, 
600, 642 

Mycoplasma haemotarandirangiferis 
(Candidatus), 612 

Mycoplasma hominis, 11, 569, 572, 577-580, 
582, 583, 585, 600, 613, 614 
Mycoplasma hyopharyngis, 11, 582, 585, 600 
Mycoplasma hyopneumoniae, 11, 569, 
577-579, 582, 585, 597, 600, 601 
Mycoplasma hyorhinis, 11, 577-578, 580, 582, 
585, 600, 601 

Mycoplasma hyosynoviae, 11, 579, 582, 

585, 601 

Mycoplasma iguanae, 11, 582, 585, 601 
Mycoplasma imitans, 11, 583, 585, 598, 

601, 602 

Mycoplasma indiense, 11, 582, 585, 601 
Mycoplasma iners, 11, 582, 585, 597, 

601, 602 

Mycoplasma insons, 576, 577, 583, 585, 613 
Mycoplasma iowae, 11, 583, 585, 602, 647 
Mycoplasma kahaneii (Candidatus), 612 
Mycoplasma lactucae, 650, 652 

Mycoplasma lagogenitalium, 11, 582, 585, 602 


INDEX OF SCIENTIFIC NAMES OF ARCHAEA AND BACTERIA 


Mycoplasma leachii, 578, 585-587, 592, 602 
Mycoplasma leonicaptivi, 11, 582, 585, 602 
Mycoplasma leopharyngis, 11, 582, 585, 
602, 603 

Mycoplasma lipofaciens, 11, 582, 585, 603 
Mycoplasma lipophilum, 11, 582, 585, 603, 613 
Mycoplasma lucivorax, 648 

Mycoplasma luminosum, 648 

Mycoplasma maculosum, 11, 582, 585, 603 
Mycoplasma melaleucae, 647, 648 
Mycoplasma meleagridis, 11, 579, 582, 585, 
597, 603 

Mycoplasma microti, 11, 583, 585, 603, 604 
Mycoplasma moatsii, 11, 582, 585, 604 
Mycoplasma mobile, 11, 569, 576-578, 582, 
585, 604 

Mycoplasma molare, 11, 582, 587, 604 
Mycoplasma mucosicanis, 604 

Mycoplasma muris, 11, 240, 578, 583, 585, 604 
Mycoplasma mustelae, 11, 582, 585, 604 
Mycoplasma mycoides, 11, 569, 572, 575, 
577-581, 583, 586, 587, 602, 644, 645, 
656, 657, 662, 667-669, 697 
Mycoplasma neurolyticum, 580, 582, 605, 613 
Mycoplasma opalescens, 582, 605 
Mycoplasma orale, 578, 580, 582, 605 
Mycoplasma ovipneumoniae, 582, 605 
Mycoplasma ovis, 576, 583, 606, 611, 612, 641 
Mycoplasma oxoniensis, 582, 606 
Mycoplasma penetrans, 569, 576-579, 583, 606 
Mycoplasma phocicerebrale, 582, 606 
Mycoplasma phocidae, 582, 606 
Mycoplasma phocirhinis, 582, 607 
Mycoplasma pirum, 580, 583, 607 
Mycoplasma pneumoniae, 569, 572, 576-580, 
583, 598, 599, 606, 607, 659, 660, 668 
Mycoplasma primatum, 582, 607 
Mycoplasma pullorum, 582, 608 
Mycoplasma pulmonis, 569, 577-579, 582, 
589, 608, 772 

Mycoplasma putrefaciens, 608, 667 
Mycoplasma ravipulmonis (Candidatus), 
586, 612 

Mycoplasma salivarium, 579, 580, 608 
Mycoplasma simbae, 609, 609 

Mycoplasma somnilux, 649 

Mycoplasma spermatophilum, 582, 609 
Mycoplasma sphenisci, 613 

Mycoplasma spumans, 582, 609 
Mycoplasma sturni, 582, 609 

Mycoplasma sualvi, 582, 609 

Mycoplasma subdolum, 582, 609 
Mycoplasma suis, 580, 583, 640, 641, 609 
Mycoplasma synoviae, 569, 577-579, 582, 597, 
598, 610 

Mycoplasma testudineum, 582, 610 
Mycoplasma testudinis, 583, 610 
Mycoplasma turicensis (Candidatus), 612 
Mycoplasma verecundum, 582, 610 
Mycoplasma volis, 604 

Mycoplasma vulturis, 582, 613 

Mycoplasma wenyonii, 583, 606, 611, 612, 
641, 642 

Mycoplasma yeatsii, 611 

Mycoplasma zalophi, 613 
MYCOPLASMATACEAE, 11, 23, 570, 574, 
575, 580, 581, 615, 619, 640, 659 
MYCOPLASMATALES, 10, 11, 23, 567, 568, 
570-573, 574, 580, 581, 583, 639, 640, 
642, 644, 667, 687, 719 
MYROIDACEAE, 5 

myxarmorum (Bizionia), 7, 167, 168 
myxillae (Gillisia), 7, 221, 222, 224, 225 


myxococcoides (Sporocytophaga), 9, 368, 
379, 393, 418 
myxolifaciens (Robiginitalea), 6 


naegleriophila (Protochlamydia), 870 

naviforme (Fusobacterium), 748, 751, 755 

necrogenes (Fusobacterium), 748, 750, 
751, 755 

necrophorum (Fusobacterium), 748, 750, 
751, 752, 755, 757 

necrophorum subsp. funduliforme 
(Fusobacterium), 750, 752, 756 

necrophorum subsp. necrophorum 
(Fusobacterium), 750, 756 

negevensis (Simkania), 13, 843, 875-877 

Neochlamydia, 15, 867, 869 

Neochlamydia hartmannellae, 843, 869 

neurolyticum (Mycoplasma), 580, 582, 

605, 613 

Niabella aurantiaca, 8 

Niastella, 8, 351 

Niastella koreensis, 8, 351, 393 

Niastella yeongjuensis, 8 

nigrescens (Prevotella), 65, 82, 87, 98 

nigricans (Herpetosiphon), 367 

nigricans (Lewinella), 8, 367 

Nitrobacter, 921 

Nitrospira, 921 

NITROSPIRACEAE, 775 

Nocardia corynebacterioides, 138 

nodosus (Bacteroides), 32 

noguchii (Leptospira), 10, 555 

Nonlabens, 5, 7, 202, 248 

Nonlabens tegetincola, 7, 111, 202, 248, 275 

nordii (Bacteroides), 3, 29, 36 

normanense (Cloacibacterium), 197 

norwichensis (Hymenobacter), 9, 398-400, 
402, 403 

Novosphingobium capsulatum, 138 

Novosphingobium resinovorum, 138 

Nubsella, 7, 8 

Nubsella zeaxanthinifaciens, 8 

nucleatum (Fusobacterium), 2, 79, 748, 750, 
751, 752, 753, 754, 7577, 762, 766 

nucleatum subsp. animalis (Fusobacterium), 
750, 753, 754 

nucleatum subsp. fusiforme (Fusobacterium), 
750, 753, 754 

nucleatum subsp. nucleatum 
(Fusobacterium), 750, 751, 753, 754 

nucleatum subsp. polymorphum 
(Fusobacterium), 750, 751, 753, 754 

nucleatum subsp. vincentii (Fusobacterium), 
750, 751, 753, 754 

nyackensis (Pedobacter), 345 


obamensis (Rhodothermus), 458, 459 

obscuriglobus (Gemmata), 16, 891, 898, 898, 
899, 900 

oceanosedimentum (Flavobacterium), 5, 138 

ocellatus (Hymenobacter), 9, 398—400, 403 

ochracea (Capnocytophaga), 5, 32, 168, 169, 
171, 172, 174, 175 

ochraceus (Bacteroides), 32, 88, 174 

oculi (Acholeplasma), 11, 649, 688-690, 693 

odoratum (Flavobacterium), 135, 136, 
245, 246 

Odoribacter, 3, 4, 82 

Odoribacter splanchnicus, 3, 4, 27, 32, 39, 40, 
57, 65, 74, 82 

oligotrophica (Emticicia), 388, 389 

Olivibacter ginsengisoli, 8 

Olivibacter sitiensis, 8 
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Olivibacter soli, 8 

Olivibacter terrae, 8 

Olleya, 5, 6, 22, 108, 111, 135, 158, 216, 242, 
249, 288, 289 

Olleya marilimosa, 6, 111, 242, 249 

omanense (Candidatus Phytoplasma), 710 

omnivorum (Flavobacterium), 5, 112, 117, 
129, 133, 137, 148 

onderdonkii (Alistipes), 4, 58, 59, 60, 61 

opalescens (Mycoplasma), 582, 605 

ophiurae (Marixanthomonas), 7 

OPITUTACEAE, 13, 14, 23, 817-820, 826, 
828, 831 

OPITUTAE, 13, 14, 23, 795, 796, 800, 801, 
815, 817, 818-820, 823, 825, 826, 828, 835 

OPITUTALES, 13, 23, 800, 817, 820, 
821-823, 826 

Opitutus, 13, 14, 23, 817-820, 821-823, 
826, 831 

Opitutus terrae, 13, 818, 820, 821, 822, 826, 
828, 831 

orale (Mycoplasma), 578, 580, 582, 605 

orale (Treponema), 521 

oralis (Bacteroides), 32, 93, 95, 174 

oralis (Prevotella), 65, 98 

oranimense (Chryseobacterium), 5 

Orbiscindens (Clostridium), 38 

Oribaculum, 66 

Oribaculum catoniae, 66-67 

orientalis (Blatta), 316, 320, 758, 873 

orientalis (Maribacter), 5-6, 236, 237, 238 

oris (Bacteroides), 98 

oris (Prevotella), 65, 93, 98 

ornithinivorans (Algoriphagus), 9, 426, 427, 
430, 432 

ornithinivorans (Hongiella), 428, 432 

Ornithobacterium, 5, 6, 22, 108, 111, 180, 
203, 205, 234, 250, 251—254, 274 

Ornithobacterium rhinotracheale, 2, 5, 111, 
250—252, 253, 254, 274, 324 

oryzae (Candidatus Phytoplasma), 710 

oryzae (Pedobacter), 345 

oryzae (Xylanibacter), 5, 102, 103 

oulorum (Prevotella), 99, 103 

ovatus (Bacteroides), 3, 29, 36, 37 

ovipneumoniae (Mycoplasma), 582, 605 

ovis (Eperythrozoon), 11, 606, 641 

ovis (Mycoplasma), 576, 583, 606, 611, 
612, 641 

ovolyticus (Flexibacter), 283, 392, 394 

Owenweeksia, 6, 7, 22, 322, 324, 325, 327, 
328, 329 

Owenweeksia hongkongensis, 7, 324, 325, 
328, 329 

oxoniensis (Mycoplasma), 582, 606 


pacifica (Cellulophaga), 5, 6, 176-179, 180 

pacifica (Echinicola), 9, 437, 439 

palladensis (Arenibacter), 162, 163, 164 

pallens (Prevotella), 65, 99 

pallida (Isosphaera), 16, 880, 896, 899, 900, 
901—908, 914, 919 

pallidilutea (Jejuia), 305 

pallidum (Chryseobacterium), 5, 190 

pallidum (Treponema), 10, 472, 476, 486, 
487, 501, 502, 504, 505, 507, 509, 514, 
521, 585 

pallidum subsp. endemicum (Treponema), 
502, 505, 510 

pallidum subsp. pallidum (Treponema), 487, 
501, 502, 503, 504, 505, 507, 509, 510, 516 

pallidum subsp. pertenue (Treponema), 502, 
505, 509 
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palmae (Acholeplasma), 11, 688, 689, 693, 704 

Paludibacter, 61, 70, 76, 81 

Paludibacter propionicigenes, 4, 76, 82 

paludicola (Schlesneria), 16, 910, 911, 913 

paludis (Mucilaginibacter), 8 

panaciterrae (Pedobacter), 345 

Parabacteroides, 4, 33, 61, 70, 78-81 

Parabacteroides distasonis, 4, 33, 35, 70, 77, 78 

Parabacteroides goldsteinii, 4, 33, 35 

Parabacteroides merdae, 33 

Parachlamydia, 855, 857, 867, 868 

Parachlamydia acanthamoebae, 13, 868, 869, 
870, 877 

PARACHLAMYDIACEAE, 856, 867 

paragorgiae (Bizionia), 7, 166, 167, 218, 249 

paraluiscuniculi (Treponema), 501, 502, 503, 
505, 514 

Parapedobacter, 8 

Parasegetibacter, 351 

parkeri (Borrelia), 488, 489, 491, 495, 497 

parva (Leptospira), 547, 558, 559 

parva (Turneriella), 10, 547, 551, 558, 559 

parvum (Acholeplasma), 11, 688, 689, 693 

parvum (Eperythrozoon), 641 

parvum (Treponema), 502, 514, 515, 521 

parvum (Ureaplasma), 11, 614—621, 622 

Pasteurella pneumotropica, 772 

Pasteuria, 895, 906 

Pasteuria ramosa, 889, 905 

paucimobilis (Pseudomonas), 211 

paucimobilis (Sphingomonas), 138 

paucivorans (Acetothermus), 44 

pecorum (Chlamydia), 850—852, 854, 855, 
8577-859, 860, 861, 866 

pecorum (Chlamydophila), 13, 845 

Pectinis (Cristispira), 10, 472, 498, 501 

pectinophilus (Bacteroides), 39, 40 

pectinovora (Cytophaga), 148, 373 

pectinovorum (Flavobacterium), 129, 130, 
136, 148, 154, 373 

pectinovorum (Treponema), 502, 508, 510, 
513, 515, 521 

pedis (Acanthopleuribacter), 734, 735 

pedis (Treponema), 502 

Pedobacter, 8, 330—332, 339, 340-345 

Pedobacter africanus, 330, 339—342, 
344, 345 

Pedobacter agri, 8, 345 

Pedobacter alluvionis, 345 

Pedobacter aquatilis, 345 

Pedobacter borealis, 345 

Pedobacter caeni, 339—342, 344, 345 

Pedobacter composti, 345 

Pedobacter cryoconitis, 339-342, 344, 347 

Pedobacter daechungensis, 8, 345 

Pedobacter duraquae, 345 

Pedobacter glucosidilyticus, 245 

Pedobacter hartonius, 345 

Pedobacter heparinus, 8, 138, 330, 339, 
340—342, 344, 345 

Pedobacter himalayensis, 339—342, 344, 347 

Pedobacter insulae, 8 

Pedobacter koreensis, 345 

Pedobacter lentus, 345 

Pedobacter metabolipauper, 345 

Pedobacter nyackensis, 345 

Pedobacter oryzae, 345 

Pedobacter panaciterrae, 345 

Pedobacter piscium, 347 

Pedobacter roseus, 339-341, 344, 347 

Pedobacter saltans, 330, 339, 340—344, 347 

Pedobacter sandarakinus, 345 

Pedobacter steynii, 345 


Pedobacter suwonensis, 339, 340-342, 
344, 347 

Pedobacter terrae, 345 

Pedobacter terricola, 345 

Pedomicrobium, 908 

Pelagicoccus, 817, 824—826, 828, 829 

Pelagicoccus albus, 818, 829, 830, 831, 832 

Pelagicoccus croceus, 829, 833 

Pelagicoccus litoralis, 818, 826, 829, 830, 
831, 833 

Pelagicoccus mobilis, 13, 818, 829, 830, 831 

Pelobacter, 759 

penaei (Spiroplasma), 11, 661, 664, 668, 675 

penetrans (Mycoplasma), 569, 576-579, 
583, 606 

pentosaceus (Bacteroides), 32, 93 

Perexilibacter, 394, 442, 445 

Perexilibacter aurantiacus, 393 

perfoetens (Fusobacterium), 756 

periodonticum (Fusobacterium), 748, 750, 
751, 756 

persica (Borrelia), 489, 495, 496 

persica (Lewinella), 8, 367, 368 

persicicus (Roseibacillus), 13 

Persicirhabdus, 800 

Persicirhabdus sediminis, 13 

Persicitalea, 8 

Persicitalea jodogahamensis, 9 

Persicivirga, 109, 254, 255 

Persicivirga xylanidelens, 7, 254, 255 

Persicobacter, 54, 374, 405, 442, 445, 446, 
450, 451 

Persicobacter diffluens, 9, 54, 450, 451, 452 

persicus (Herpetosiphon), 367 

pertenue (Treponema), 502 

pestis (Yersinia), 858 

petaseus (Flavihumibacter), 358 

Petrimonas, 61, 77 

Petrimonas sulfuriphila, 4, 77 

phagedenis (Treponema), 502, 504, 509, 510, 
516, 521 

phocicerebrale (Mycoplasma), 582, 606 

phocidae (Mycoplasma), 582, 606 

phocirhinis (Mycoplasma), 582, 607 

phoenicium (Candidatus Phytoplasma), 711 

phoeniceum (Spiroplasma), 11, 660-661, 
664, 668, 675 

photuris (Mesoplasma), 11, 649-650, 652 

phyci (Haloferula), 13 

Phytoplasma (Candidatus), 11, 570, 581, 618, 
640, 647, 668, 687, 690, 696, 701, 702, 
703, 704, 707-709 

Phytoplasma allocasuarinae (Candidatus), 703 

Phytoplasma americanum (Candidatus), 703 

Phytoplasma asteris (Candidatus), 569, 
698, 703 

Phytoplasma aurantifolia (Candidatus), 703 

Phytoplasma australasia (Candidatus), 705 

Phytoplasma australiense (Candidatus), 
698, 705 

Phytoplasma brasiliense (Candidatus), 705 

Phytoplasma caricae (Candidatus), 706 

Phytoplasma castaneae (Candidatus), 710 

Phytoplasma cynodontis (Candidatus), 710 

Phytoplasma fragariae (Candidatus), 710 

Phytoplasma fraxini (Candidatus), 710 

Phytoplasma graminis (Candidatus), 710 

Phytoplasma japonicum (Candidatus), 710 

Phytoplasma lycopersici (Candidatus), 710 

Phytoplasma mali (Candidatus), 698, 699, 710 

Phytoplasma omanense (Candidatus), 710 

Phytoplasma oryzae (Candidatus), 710 

Phytoplasma phoenicium (Candidatus), 711 
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Phytoplasma pini (Candidatus), 711 

Phytoplasma prunorum (Candidatus), 711 

Phytoplasma pyri (Candidatus), 711 

Phytoplasma rhamni (Candidatus), 711 

Phytoplasma spartii (Candidatus), 711 

Phytoplasma trifolii (Candidatus), 711 

Phytoplasma ulmi (Candidatus), 711 

Phytoplasma ziziphi (Candidatus), 712 

Pibocella, 241, 245 

Pibocella ponti, 6, 106 

Pillotina, 9, 16, 565, 585 

Pillotina calotermitidis, 10, 16, 565, 585 

pilosicoli (Brachyspira), 532-540 

pilosicoli (Serpulina), 537, 540 

pinensis (Chitinophaga), 8, 351, 352, 353, 356 

pini (Candidatus Phytoplasma), 711 

Pirella, 879, 905 

Pirella marina, 895, 897 

Pirellula, 880, 881, 886, 889, 895-897, 899, 
900, 902, 903, 904-906 

Pirellula marina, 886, 895, 905 

Pirellula staleyi, 16, 897, 903, 904, 905, 
906-908 

pirum (Mycoplasma), 580, 583, 607 

Piscichlamydia salmonis (Candidatus), 
872, 873 

piscium (Chryseobacterium), 182-184, 188, 
193, 194 

piscium (Pedobacter), 347 

piscium (Sphingobacterium), 332, 344, 347 

PLANCTOBACTERIA, 2 

PLANCTOMYCEA, 2 

Planctomyces, 16, 879, 880, 881, 886-889 

Planctomyces bekefii, 16, 881, 887, 888, 889, 
890, 894, 895 

Planctomyces brasiliensis, 881, 886, 887, 891 

Planctomyces guttaeformis, 16, 881, 887, 891, 
892, 894 

Planctomyces limnophilus, 881, 886, 891, 892, 
893, 900, 911 

Planctomyces maris, 881, 886, 892, 893, 899, 
900, 911 

Planctomyces stranskae, 881, 887, 889, 891, 
892, 894 

PLANCTOMYCETACEAE, 16, 879, 880, 
910, 913 

PLANCTOMYCETALES, 16, 879, 889, 895, 
897, 901—903, 909, 910, 913, 918, 919 

PLANCTOMYCETES, 2, 13, 16, 785, 796, 797, 
844, 879, 880-915 

PLANCTOMYCETIA, 16, 879 

Planobacterium, 110 

Planomicrobium okeanokoites, 138 

platyhelix (Spiroplasma), 11, 654, 657, 
661, 676 

plautii (Fusobacterium), 753, 754 

plauti-vincentii (Fusobacterium), 753, 754 

plebeius (Bacteroides), 3, 29, 37 

pleciae (Acholeplasma, 11, 689, 690, 694 

pleciae (Mesoplasma), 573, 645, 647, 650, 
690, 694 

plicatilis (Spirochaeta), 9-10, 473, 474, 476, 
477, 478 

pneumoniae (Chlamydia), 847—859, 860, 
861, 866 

pneumoniae (Chlamydophila), 13 

pneumoniae (Mycoplasma), 569, 572, 
576-580, 583, 598, 599, 606, 607, 659, 
660, 668 

pneumophila (Legionella), 211, 868 

pneumosintes (Bacteroides), 32 

pneumotropica (Pasteurella), 772 

pohnpeiensis (Luteolibacter), 13, 799, 802, 803 
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Polaribacter, 109, 181, 203, 229, 235, 255, 
256, 258, 391, 417 

Polaribacter butkevichii, 256 

Polaribacter dokdonensis, 256 

Polaribacter filamentus, 5, 255, 256 

Polaribacter franzmannii, 229, 256 

Polaribacter glomeratus, 257, 379, 390 

Polaribacter irgensii, 106, 241, 258, 259 

polymorphum (Fusobacterium), 753, 754 

polymorphus (Flexibacter), 392, 394, 409 

polypragmatus (Bacteroides), 3, 39, 40 

polytropus (Ilyobacter), 12, 759, 760 

ponti (Pibocella), 6, 106 

ponti (Roseibacillus), 13 

Pontibacter, 372, 398, 410, 411 

Pontibacter actiniarum, 9, 387, 388, 401, 404, 
410, 411 

Pontibacter akesuensis, 412 

porcellionis (Candidatus Rhabdochlamydia), 
13, 845, 866, 873, 874 

porcinum (Treponema), 502, 516, 520 

poriferorum (Winogradskyella), 7, 290 

Porphyromonas, 4, 31, 32, 58, 61, 62, 63, 64, 
70, 81, 87 

Porphyromonas asaccharolytica, 4, 62, 64, 
69, 89 

Porphyromonas bennonis, 69 

Porphyromonas cangingivalis, 64 

Porphyromonas canoris, 64 

Porphyromonas cansulci, 4, 64, 66, 67 

Porphyromonas catoniae, 4, 62, 64, 66 

Porphyromonas circumdentaria, 4, 67 

Porphyromonas crevioricanis, 67 

Porphyromonas endodontalis, 67 

Porphyromonas gingivalis, 62-64, 67, 68, 79 

Porphyromonas gingivicanis, 68, 69, 70 

Porphyromonas gulae, 68, 70 

Porphyromonas levii, 64, 68 

Porphyromonas macacae, 64, 68, 69 

Porphyromonas salivosa, 64, 68, 69, 70 

Porphyromonas somerae, 62, 69 

Porphyromonas uenonis, 62, 64, 69 

portivictoriae (Gramella), 7, 226, 227 

poulsonii (Spiroplasma), 11, 657, 659, 661, 
663—664, 666-669, 672-673, 676 

praeacuta (Tissierella), 32 

praeacutus (Bacteroides), 32 

Prevotella, 4, 5, 31, 32, 55, 58, 63, 64, 73, 78, 
81, 85, 86, 87-89, 90, 92, 93, 96, 102, 105 

Prevotella albensis, 5, 65, 91, 103 

Prevotella amnii, 4 

Prevotella baroniae, 4, 65, 91 

Prevotella bergensis, 65, 91 

Prevotella bivia, 65, 91, 92, 103 

Prevotella brevis, 4, 65, 92 

Prevotella bryantii, 4, 65, 92 

Prevotella buccae, 65, 93 

Prevotella buccalis, 4, 65, 93 

PREVOTELLACEAE, 3, 4, 25, 85-103 

Prevotella copri, 93 

Prevotella corporis, 4, 65, 94 

Prevotella dentalis, 5, 94, 105 

Prevotella denticola, 4, 65, 95 

Prevotella disiens, 65, 95 

Prevotella enoeca, 4, 65, 95 

Prevotella heparinolytica, 5 

Prevotella intermedia, 65, 79, 82, 87, 96, 99 

Prevotella loescheii, 4, 65, 82, 96 

Prevotella maculosa, 4 

Prevotella marshii, 65, 97 

Prevotella massiliensis, 87, 102 

Prevotella melaninogenica, 4, 65, 82, 86, 88 

Prevotella multiformis, 65, 97 


Prevotella multisaccharivorax, 65, 97 

Prevotella nigrescens, 65, 82, 87, 98 

Prevotella oralis, 65, 98 

Prevotella oris, 65, 93, 98 

Prevotella oulorum, 99, 103 

Prevotella pallens, 65, 99 

Prevotella ruminicola, 65, 91, 92, 99 

Prevotella salivae, 65, 100 

Prevotella shahii, 65, 100 

Prevotella stercorea, 100 

Prevotella tannerae, 5, 65, 100 

Prevotella timonensis, 101 

Prevotella veroralis, 65, 101, 105 

Prevotella zoogleoformans, 27, 33, 101 

primatum (Mycoplasma), 582, 607 

primitia (Treponema), 10, 508, 517, 521, 
563, 564 

Procabacter (Candidatus), 868 

Prochlorococcus, 879 

Prochloron, 879 

procyoni (Haemobartonella), 643 

profunda (Zunongwangia), 7 

Prolixibacter bellariivorans, 3 

Promyxobacterium flavum, 136, 154 

propionicigenes (Paludibacter), 4, 76, 82 

Propionigenium, 12, 748, 760, 761, 762 

Propionigenium maris, 761, 762 

Propionigenium modestum, 12, 758, 759, 
761, 762 

Prosthecobacter, 795, 800, 803, 805, 806-810, 
814, 817 

Prosthecochloris, 803, 804 

Prosthecomicrobium, 803, 804 

Proteiniphilum, 4, 61, 77, 78 

Proteiniphilum acetatigenes, 65, 77, 78, 82 

PROTEOBACTERIA, 7, 408, 457, 467, 775, 
782, 795, 803, 870 

proteolyticum (Chryseobacterium), 180, 181, 
184, 186, 188, 189, 196 

Protochlamydia, 855, 867, 869, 870 

Protochlamydia amoebophila, 870, 871, 876 

Protochlamydia amoebophila (Candidatus), 
870, 870, 871, 871 

Protochlamydia naegleriophila, 870 

prunorum (Candidatus Phytoplasma), 711 

Pseudobacterium brevis, 210, 212 

Pseudomonas, 183, 187 

Pseudomonas aeruginosa, 725 

Pseudomonas fluorescens, 211 

Pseudomonas paucimobilis, 211 

Pseudomonas putida, 886 

Pseudosphingobacterium, 7, 8 

Pseudosphingobacterium domesticum, 8 

pseudotuberculosis (Yersinia), 858 

pseudotuberculosis subsp. pestis 
(Yersinia), 858 

Pseudozobellia, 110 

psittaci (Chlamydia), 847, 849-860, 861, 866 

psittaci (Chlamydophila), 13, 845 

Psychrilyobacter, 12 

Psychrilyobacter atlanticus, 12 

Psychroflexus, 5, 221, 222, 230, 248, 255, 258, 
259, 260, 261, 269, 292 

Psychroflexus gondwanensis, 138, 260, 261 

Psychroflexus salinarum, 7 

Psychroflexus torques, 7, 111, 160, 223, 242, 
258, 259, 260, 269, 324 

Psychroflexus tropicus, 258, 261 

psychrolimnae (Flavobacterium), 5, 112, 125, 
137, 143, 144, 149 

psychrophila (Cytophaga), 149, 154, 373, 392 

psychrophilum (Flavobacterium), 5, 112, 125, 
127-134, 136, 140, 149, 373, 395 


psychrophilum (Rhodonellum), 9, 440 

psychrophilus (Flexibacter), 149, 373, 
392, 394 

Psychroserpens, 6, 135, 158, 214, 230, 231, 
261, 262, 288, 289 

Psychroserpens burtonensis, 7, 111, 214, 215, 
223, 242, 261, 262, 288, 289, 324 

psychrotolerans (Hymenobacter), 9, 404 

pterotermitidis (Hollandina), 10, 565 

pullorum (Aegyptianella), 110 

pullorum (Mycoplasma), 582, 608 

pulmonis (Mycoplasma), 569, 577-579, 582, 
589, 608, 772 

PUNICEICOCCACEAE, 13, 14, 24, 817, 818, 
824—826 

PUNICEICOCCALES, 817, 823, 824, 825, 
826, 827, 828, 829, 830 

Puniceicoccus, 14, 817, 824, 825 

Puniceicoccus vermicola, 13, 818, 824, 825, 
826, 831 

putida (Pseudomonas), 886 

putidum (Treponema), 502, 517 

putredinis (Alistipes), 4, 31, 32, 56, 58, 59 

putredinis (Bacteroides), 55, 56, 58 

putrefaciens (Mycoplasma), 608, 667 

pyogenes (Bacteroides), 3, 30, 37 

pyri (Candidatus Phytoplasma), 711 


radiobacter (Agrobacterium), 183 

ramosa (Pasteuria), 889, 905 

ranarum (Aegyptianella), 110, 207 

Rapidithrix, 442 

Rapidithrix thailandica, 9 

ratkowskyi (Algoriphagus), 9, 426—428, 
430, 432 

ravipulmonis (Candidatus Mycoplasma), 
586, 612 

rectum (Clostridium), 762 

rectus (Campylobacter), 79 

recurrentis (Borrelia), 486, 489—491, 
493—495, 496, 497 

refringens (Treponema), 502, 504, 509, 510, 
516, 517, 518 

Reichenbachia, 385, 452 

Reichenbachia agariperforans, 452 

Reichenbachiella, 9, 22, 405, 442, 445, 452 

Reichenbachiella agariperforans, 9, 452 

resinovorum (Flavobacterium), 138 

resinovorum (Novosphingobium), 138 

reticulitermitidis (Clevelandina), 10, 16, 565 

Rhabdochlamydia, 13, 24, 845, 866, 873, 874 

RHABDOCHLAMYDIACEAE, 13, 24, 845, 
873, 875 

Rhabdochlamydia crassificans, 13, 873, 874 

Rhabdochlamydia porcellionis (Candidatus), 
13, 845, 866, 873, 874 

rhamni (Candidatus Phytoplasma), 711 

rhinotracheale (Ornithobacterium), 2, 5, 111, 
250—252, 253, 254, 274, 324 

Rhizobium leguminosarum, 332 

Rhodococcus corynebacteroides, 138 

Rhodonellum psychrophilum, 9, 440 

Rhodopirellula, 24, 880, 881, 895, 897, 
899, 900, 903, 905, 906, 907-909, 911, 
912, 914 

Rhodopirellula baltica, 16, 896, 897, 903-905, 
906, 907-910 

RHODOTHERMACEAE, 3, 9, 457, 458-468 

Rhodothermus, 7, 8, 22, 25, 457, 458, 459, 
462, 463 

Rhodothermus marinus, 9, 458, 459, 461, 
462, 466 

Rhodothermus obamensis, 458, 459 
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Rickettsia, 568 

RICKETTSIACEAE, 315 

RICKETTSIALES, 110, 315, 639 

Rickettsiella, 873, 874 

Riemerella, 22, 108, 109, 165, 180, 181, 189, 
197, 203, 205, 208, 212, 227, 228, 250, 
262, 263, 271, 273, 274 

Riemerella anatipestifer, 5, 182, 185, 197, 198, 
250, 253, 254, 262, 263, 264 

Riemerella columbina, 182, 185, 197, 253, 
254, 263, 264 

rigidum (Acetofilamentum), 41, 42 

rigui (Hymenobacter), 9, 398-400, 403 

rigui (Spirosoma), 9, 416, 417 

Rikenella, 21, 32, 50, 54, 55, 56, 58, 63 

RIKENELLACEAE, 4, 25, 54, 55-60 

Rikenella microfusus, 4, 55, 56 

rivesi (Candidatus Xiphinematobacter), 
13, 840 

Robiginitalea, 22, 109, 135, 162, 163, 241, 
245, 264, 265, 270, 284, 293 

Robiginitalea biformata, 6, 259, 264, 265 

Robiginitalea myxolifaciens, 6 

rosea (Arcicella), 9 

rosea (Haloferula), 13 

Roseibacillus, 23 

Roseibacillus ishigakijimensis, 13 

Roseibacillus persicicus, 13 

Roseibacillus ponti, 13 

Roseivirga, 22, 442, 445, 448, 453, 454, 455 

Roseivirga echinicomitans, 448, 453, 454 

Roseivirga ehrenbergii, 9, 394, 448, 453, 
454, 455 

Roseivirga seohaensis, 448, 453, 454, 456 

Roseivirga spongicola, 456 

roseolus (Flexibacter), 9, 392, 394, 397 

roseosalivarius (Hymenobacter), 9, 387, 388, 
398, 399, 400 

roseus (Effluviibacter), 9, 387, 388, 398 

roseus (Pedobacter), 339—341, 344, 347 

ruber (Flexibacter), 9, 392, 394, 397 

ruber (Salinibacter), 9, 459—462, 463 

Rubritalea, 13, 23, 800, 812, 813-815 

Rubritalea marina, 13, 801, 812, 814, 826, 831 

Rubritalea sabuli, 13, 812, 815 

Rubritalea spongiae, 13, 812, 816 

Rubritalea squalenifaciens, 13, 801, 812, 
813, 816 

Rubritalea tangerina, 13, 812, 816 

Rudanella, 22 

Rudanella lutea, 9 

rudongensis (Ancylobacter), 379, 390 

ruestringensis (Muricauda), 6, 111, 162, 223, 
240—244, 265 

ruminicola (Bacteroides), 32, 92, 93, 95, 99 

ruminicola (Prevotella), 65, 91, 92, 99 

ruminicola subsp. brevis (Bacteroides), 92 

Ruminobacter, 740 

Ruminobacter amylophilus, 32 

Ruminococcus albus, 512, 741 

Ruminococcus flavefaciens, 741 

Runella, 22, 372, 381, 385, 390, 405, 407, 
412-414, 417, 423, 424 

Runella defluvii, 412, 413, 414 

Runella limosa, 412—414, 415 

Runella slithyformis, 9, 379, 390, 412, 413, 414 

Runella zeae, 412-414, 415 

russellii (Zobellia), 6, 294 

russii (Fusobacterium), 748, 751, 757 


sabaudiense (Spiroplasma), 11, 661, 
668—670, 676 
sabuli (Rubritalea), 13, 812, 815 


saccharolyticus (Caldicellulosiruptor), 778 
Saccharophila (Cytophaga), 150, 373 
saccharophilum (Flavobacterium), 5, 125, 
129, 130, 136, 149, 150, 154, 373 
saccharophilum (Treponema), 502, 518 
saemankumensis (Aestuariicola), 5 
saemankumensis (Gaetbulibacter), 6, 214, 
218, 291 
salanitronis (Bacteroides), 3 
saleffrena (Bizionia), 7, 167, 168 
salegens (Flavobacterium), 266 
salegens (Salegentibacter), 7, 111, 138, 160, 
223, 229, 233, 242, 266, 267 
Salegentibacter, 5, 22, 109, 221—223, 226, 230, 
239, 248, 255, 266, 267-269 
Salegentibacter agarivorans, 7, 266, 267, 268 
Salegentibacter catena, 7, 266, 267, 268 
Salegentibacter flavus, 7, 266, 267, 268 
Salegentibacter holothuriorum, 7, 266, 
267, 269 
Salegentibacter mishustinae, 7, 266-268, 269 
Salegentibacter salegens, 7, 111, 138, 160, 
223, 229, 233, 242, 266, 267 
Salegentibacter salinarum, 7 
salicanalis (Gelidibacter), 6, 219, 220, 
221, 278 
salinarum (Halobacterium), 460 
salinarum (Psychroflexus), 7 
salinarum (Salegentibacter), 7 
Salinibacter, 7, 8, 22, 25, 457, 460—463 
Salinibacter ruber, 9, 459—462, 463 
Salinimicrobium, 5, 22, 110 
Salinimicrobium catena, 7 
Salinimicrobium xinjiangense, 7 
saliperosum (Flavobacterium), 5, 107, 112, 
125, 130, 133, 136, 137, 150 
Salisaeta longa, 462 
salivae (Prevotella), 65, 100 
salivarium (Mycoplasma), 579, 580, 608 
salivosa (Porphyromonas), 64, 68, 69, 70 
salivosus (Bacteroides), 32, 69 
Salmonella, 389, 412, 414, 416 
Salmonella typhimurium, 751, 886 
salmoneum (Sediminibacterium), 8 
salmonicida (Aeromonas), 211 
salmonicola (Candidatus Clavichlamydia), 13, 
843, 845, 865, 866 
salmonicola (Candidatus Clavochlamydia), 866 
salmonicolor (Cytophaga), 49-51, 370, 373 
salmonicolor (Marinilabilia), 4, 49, 50, 51—53, 
324, 373 
salmonis (Candidatus Piscichlamydia), 15, 
845, 872, 873 
saltans (Pedobacter), 330, 339, 340—344, 347 
salyersiae (Bacteroides), 3, 29, 37 
sancti (Chitinophaga), 8, 352, 353, 355, 
356, 395 
sancti (Flexibacter), 352, 355, 374, 392, 394 
sandarakina (Gillisia), 7, 221, 222, 224, 
225, 226 
Sandarakinotalea, 5, 7, 22, 110, 269, 270 
Sandarakinotalea sediminis, 7, 269, 270 
sandarakinus (Pedobacter), 345 
sanguinegens (Leptotrichia), 766, 770 
sanguinegens (Sneathia), 12, 752, 766, 
767, 770 
sanguinis (Streptococcus), 79 
santarosai (Leptospira), 10, 555 
Saprospira, 7, 22, 358, 359-361, 364, 367 
SAPROSPIRACEAE, 7, 8, 324, 358, 359-368 
Saprospira grandis, 8, 324, 359, 360, 361—364, 
366-368, 393 
sargassicola (Haloferula), 13 


saxinquilinus (Subsaximicrobium), 6, 277, 
278, 279 

Schlesneria, 16, 24, 880, 910, 911-913, 914 

Schlesneria paludicola, 16, 910, 911, 913 

scoliodontus (Treponema), 503, 504, 
506, 518 

scophthalmum (Chryseobacterium), 5, 
181-184, 186-189, 192, 193, 194, 212 

scophthalmum (Flavobacterium), 194 

Sebaldella, 12, 23, 32, 760, 762, 766, 769, 770 

Sebaldella termitidis, 12, 32, 752, 762, 767, 
769, 770 

sedimenticola (Maribacter), 5-6, 111, 162, 
235-237, 242, 324 

Sediminibacter furfurosus, 6 

Sediminibacterium, 7, 8, 22, 351 

Sediminibacterium salmoneum, 8 

Sediminicola, 5, 22, 110, 270, 271 

Sediminicola luteus, 6, 242, 270 

sediminis (Actibacter), 5 

sediminis (Gilvibacter), 7 

sediminis (Persicirhabdus), 13 

sediminis (Sandarakinotalea), 7, 269, 270 

Sediminitomix, 8, 22 

Sediminitomix flava, 9 

Segetibacter, 7, 8, 22, 351 

Segetibacter koreensis, 8 

segetis (Flavobacterium), 5, 112, 125, 129, 
130, 133, 136, 137, 150 

seiffertii (Acholeplasma), 650, 652, 694 

seiffertii (Mesoplasma), 650, 652, 668, 694 

Sejongia, 6, 22, 108, 109, 180, 182, 184, 189, 
203, 208, 212, 271-274 

Sejongia antarctica, 5, 111, 182, 185, 
271—273, 274 

Sejongia jeonii, 5, 182, 185, 271-273, 274 

Selenomonas, 759 

seohaensis (Marinicola), 384, 448, 453, 456 

seohaensis (Roseivirga), 448, 453, 454, 456 

seregens (Hallella), 5, 94, 105 

sericea (Microscilla), 393, 394, 408, 409, 442 

Serpula, 537 

Serpula hyodysenteriae, 539 

Serpula innocens, 539 

Serpulina, 9, 10, 537 

SERPULINACEAE, 9 

Serpulina hyodysenteriae, 537, 539 

Serpulina innocens, 537, 539 

Serpulina intermedia, 537, 539, 540 

Serpulina murdochii, 537 

Serpulina pilosicoli, 537, 540 

shahii (Alistipes), 4, 58, 59, 60 

shahii (Leptotrichia), 767, 768 

shahii (Prevotella), 65, 100 

Shigella, 389, 412, 414, 416, 823 

shigense (Chryseobacterium), 5, 181-184, 
188, 190, 194 

simbae (Mycoplasma), 609, 609 

simiae (Fusobacterium), 748, 750, 751, 757 

Simkania, 15, 24, 857, 874, 875 

SIMKANIACEAE, 13, 15, 24, 845, 856, 857, 
873, 874, 875, 876 

Simkania negevensis, 13, 843, 875-877 

Singulisphaera, 16, 24, 880, 911, 912, 913, 
914, 915 

Singulisphaera acidiphila, 16, 913, 914, 915 

sinica (Borrelia), 485, 489, 492, 496 

sitiensis (Olivibacter), 8 

siyangense (Sphingobacterium), 8, 333, 338 

skermanii (Chitinophaga), 8, 351, 352, 353, 
355, 356 

slithyformis (Runella), 9, 379, 390, 412, 
413, 414 
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smaragdinae (Spirochaeta), 10, 476, 478, 
482, 485 

Sneathia, 12, 23, 752, 762, 766, 767, 770 

Sneathia sanguinegens, 12, 752, 766, 767, 770 

socranskii (Treponema), 502, 510, 513, 
518, 519 

socranskii subsp. buccale (Treponema), 
502, 519 

socranskii subsp. paredis (Treponema), 
502, 519 

socranskii subsp. socranskii (Treponema), 
502, 519, 521 

soldanellicola (Chryseobacterium), 5, 182, 
183, 185, 186, 187, 190, 194, 195 

soli (Chitinophaga), 368 

soli (Chryseobacterium), 5, 190 

soli (Flavobacterium), 129, 130, 133, 136, 
137, 151 

soli (Hymenobacter), 9, 404 

soli (Olivibacter), 8 

somerae (Cetobacterium), 758 

somerae (Porphyromonas), 62, 69 

somnilux (Entomoplasma), 646, 649 

somnilux (Mycoplasma), 649 

spartii (Candidatus Phytoplasma), 711 

SPARTOBACTERIA, 13, 14, 24, 795, 796, 801, 
818, 834, 835, 836, 838 

spermatophilum (Mycoplasma), 582, 609 

Sphaerophorus fusiformis, 754 

sphenisci (Mycoplasma), 613 

SPHINGOBACTERIA, 2, 25 

SPHINGOBACTERIACEAE, 3, 7, 8, 22, 
110, 324, 330, 331, 339, 340, 343, 344, 
394, 395 

SPHINGOBACTERIIA, 2, 3, 7, 8, 22, 330, 
331-347, 393, 394 

SPHINGOBACTERIALES, 7, 22, 330, 339, 351 

Sphingobacterium, 7, 8, 22, 135, 137-138, 
210, 330, 331—339, 340, 343-344, 374, 394 

Sphingobacterium anhuiense, 8, 333, 334 

Sphingobacterium antarcticum, 8, 
331-333, 334 

Sphingobacterium canadense, 8, 333, 
334, 335 

Sphingobacterium composti, 8, 333, 335, 336 

Sphingobacterium daejeonense, 8, 333, 336 

Sphingobacterium faecium, 8, 331-333, 
336, 344 

Sphingobacterium heparinum, 332, 339, 
344-345 

Sphingobacterium kitahiroshimense, 8, 
333, 336 

Sphingobacterium mizutaii, 8, 331-333, 337 

Sphingobacterium multivorum, 8, 137, 
330-332, 337, 340, 344, 384 

Sphingobacterium piscium, 332, 344, 347 

Sphingobacterium siyangense, 8, 333, 338 

Sphingobacterium spiritivorum, 8, 137, 324, 
330-333, 340, 344-345, 393 

Sphingobacterium thalpophilum, 137, 331, 
332, 338, 344 

Sphingomonas, 138 

Sphingomonas paucimobilis, 138 

spielmanii (Borrelia), 485, 489, 496 

spinosum (Verrucomicrobium), 13, 800, 803, 
804, 805, 806 

Spirillum, 362 

spiritivorum (Flavobacterium), 331, 333 

spiritivorum (Sphingobacterium), 8, 137, 324, 
330, 331, 332, 333, 340, 344—345, 393 

Spirochaeta, 9-10, 23, 471, 472, 473-477, 
483-486, 502, 508, 523 

Spirochaeta africana, 10, 476, 477, 478, 485 


Spirochaeta alkalica, 10, 472, 476-478, 
479, 485 

Spirochaeta americana, 10, 476—478, 479, 485 

Spirochaeta asiatica, 10, 476-478, 479, 485 

Spirochaeta aurantia, 10, 474—478, 479, 480, 
484, 486 

Spirochaeta aurantia subsp. aurantia, 477, 480 

Spirochaeta aurantia subsp. stricta, 477, 480 

Spirochaeta bajacaliforniensis, 10, 476-478, 
480, 485 

Spirochaeta caldaria, 10, 476-478, 480, 484, 
502, 508, 522 

SPIROCHAETACEAE, 9, 10, 23, 471, 472, 
473—485, 499, 501—502, 508, 565 

Spirochaeta cellobiosiphila, 477—478, 481, 486 

Spirochaeta coccoides, 10, 472—478, 476, 
484, 485 

SPIROCHAETAE, 2 

Spirochaeta halophila, 10, 472, 474—478, 481, 
484—485, 501—502 

Spirochaeta isovalerica, 10, 474—478, 481, 
486, 502, 522 

SPIROCHAETALES, 9-10, 23, 471—472, 775 

Spirochaeta litoralis, 10, 472, 474—478, 482, 
486, 501, 522 

Spirochaeta plicatilis, 9-10, 473, 474, 476, 
477, 478 

Spirochaeta smaragdinae, 10, 476, 478, 
482, 485 

Spirochaeta stenostrepta, 10, 474—478, 482, 
483, 484, 486, 502, 508, 522 

Spirochaeta thermophila, 10, 476-478, 
483, 486 

Spirochaeta zuelzerae, 10, 474—476, 478, 483, 
484, 486, 502, 508, 521 

SPIROCHAETES, 2, 9, 9-10, 10, 16, 23, 471, 
472-559, 737 

SPIROCHAFETIA, 9, 471 

Spiroplasma, 11, 23, 570, 571, 581, 592, 595, 
618, 640, 644, 645, 647, 654, 656, 657, 
658, 659, 661, 662, 663, 664, 667-677, 
687, 690, 723 

Spiroplasma alleghenense, 11, 661, 668, 
669, 670 

Spiroplasma apis, 572, 656, 657, 661, 664, 
666—668, 670, 674—675, 677 

Spiroplasma atrichopogonis, 661, 670 

Spiroplasma cantharicola, 11, 661, 668, 670 

Spiroplasma chinense, 11, 661, 668, 670, 677 

Spiroplasma chrysopicola, 11, 661, 668-669, 
670,671 

Spiroplasma citri, 11, 572, 654—669 

Spiroplasma clarkii, 661, 666, 668, 671 

Spiroplasma corruscae, 11, 657, 661, 668, 
671,677 

Spiroplasma culicicola, 11, 661, 668, 671 

Spiroplasma diabroticae, 11, 661, 668, 
671,672 

Spiroplasma diminutum, 11, 661, 668, 670, 672 

Spiroplasma floricola, 656—657, 661, 
666-668, 672 

Spiroplasma gladiatoris, 11, 661, 668, 672, 677 

Spiroplasma helicoides, 11, 661, 668, 672, 677 

Spiroplasma insolitum, 11, 657, 661, 668, 
672, 673 

Spiroplasma ixodetis, 11, 572, 657, 661, 663, 
666—668, 673 

Spiroplasma kunkelii, 655, 658-662, 664-668, 
673, 698 

Spiroplasma lampyridicola, 11, 654, 661, 
668, 673 

Spiroplasma leptinotarsae, 11, 661—662, 666, 
668, 673, 674 
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Spiroplasma leucomae, 11, 674 

Spiroplasma lineolae, 11, 661, 668, 674 

Spiroplasma litorale, 11, 661, 668, 671, 
674, 677 

Spiroplasma melliferum, 11, 655-659, 661, 
664, 668, 674, 852 

Spiroplasma mirum, 656-657, 661, 
663-669, 674, 675 

Spiroplasma monobiae, 657, 661, 664, 
668, 675 

Spiroplasma montanense, 11, 661, 668, 
670, 675 

Spiroplasma penaei, 11, 661, 664, 668, 675 

Spiroplasma phoeniceum, 11, 660-661, 664, 
668, 675 

Spiroplasma platyhelix, 11, 654, 657, 661, 676 

Spiroplasma poulsonii, 11, 657, 659, 661, 
663—664, 666-669, 672-673, 676 

Spiroplasma sabaudiense, 11, 661, 
668-670, 676 

Spiroplasma syrphidicola, 11, 661, 
668-670, 676 

Spiroplasma tabanidicola, 661, 677 

SPIROPLASMATACEAE, 11, 23, 570, 644, 
654, 656-677 

Spiroplasma taiwanense, 661, 664, 668, 677 

Spiroplasma turonicum, 11, 661, 668, 671, 
674, 677 

Spiroplasma velocicrescens, 11, 661, 668, 
670, 677 

Spirosoma, 22, 372, 381, 385, 390, 407, 412, 
415-417, 423, 424 

SPIROSOMACEAE, 8, 404 

Spirosoma linguale, 9, 377, 379, 384, 390, 
393, 405, 415, 416, 417 

Spirosoma panaciterrae, 9 

Spirosoma rigui, 9, 416, 417 

splanchnicus (Bacteroides), 3, 4, 32, 39, 40, 
41, 74 

splanchnicus (Odoribacter), 3, 4, 27, 32, 39, 
40, 57, 65, 74, 82 

spongiae (Rubritalea), 13, 812, 816 

spongiae (Stenothermobacter), 7, 111, 
202, 275 

spongicola (Roseivirga), 456 

Sporocytophaga, 8, 51, 154, 370-372, 418 

Sporocytophaga cauliformis, 113, 136, 158, 
154, 418 

Sporocytophaga myxococcoides, 9, 368, 379, 
393, 418 

spumans (Mycoplasma), 582, 609 

sputigena (Capnocytophaga), 5, 168, 169, 
171, 172, 174, 176 

squalenifaciens (Rubritalea), 13, 801, 812, 
813, 816 

staleyi (Pirellula), 16, 897, 903, 904, 905, 
906-908 

Stanierella, 109-110, 221—223, 374 

Stanierella latercula, 107, 111, 159, 161, 
223, 242 

Staphylococcus aureus, 72, 211 

Staphylococcus epidermidis, 67, 68, 211 

Stella, 803, 804 

stenostrepta (Spirochaeta), 10, 474—478, 482, 
483, 484, 486, 502, 508, 522 

Stenothermobacter, 5, 22, 109, 202, 275 

Stenothermobacter spongiae, 7, 111, 202, 275 

stercorea (Prevotella), 100 

stercoris (Bacteroides), 3, 29, 30, 37 

steynii (Pedobacter), 345 

stranskae (Planctomyces), 881, 887, 889, 891, 
892, 894 

Streptobacillus, 12, 23, 760, 762, 766, 771, 772 


948 


Streptobacillus moniliformis, 12, 752, 767, 
770-772 

Streptococcus, 571, 751 

Streptococcus sanguinis, 79 

Streptomyces albulus, 332 

sturni (Mycoplasma), 582, 609 

sualvi (Mycoplasma), 582, 609 

suanatina (Brachyspira), 541 

subdolum (Mycoplasma), 582, 609 

sublithincola (Aequorivita), 7, 156, 157 

Subsaxibacter, 6, 109, 216, 219, 275, 276, 277, 
278, 291 

Subsaxibacter broadyi, 6, 111, 223, 242, 
276, 277 

Subsaximicrobium, 6, 109, 216, 219, 276, 277, 
278, 279, 291 

Subsaximicrobium saxinquilinus, 6, 277, 
278, 279 

Subsaximicrobium wynnwilliamsii, 6, 111, 
223, 242, 277, 278 

subtilis (Bacillus), 111, 656, 668 

succinicans (Cytophaga), 151, 373 

succinicans (Flavobacterium), 5, 112, 125, 
130, 132, 134, 135, 136, 151, 373 

succinifaciens (Treponema), 502, 519, 
520, 521 

succinogenes (Bacteroides), 32, 740, 743 

succinogenes subsp. elongatus (Fibrobacter), 
740, 743 

succinogenes subsp. succinogenes 
(Fibrobacter), 740, 743 

suis (Bacteroides), 3, 29, 37 

suis (Chlamydia), 849-855, 857, 859, 861, 866 

suis (Eperythrozoon), 609, 641 

suis (Mycoplasma), 580, 583, 640, 641, 609 

suis (Treponema), 521, 520 

sulfuriphila (Petrimonas), 4, 77 

suncheonense (Flavobacterium), 5, 119, 129, 
130, 133, 136, 137, 151 

suwonensis (Pedobacter), 339, 340—342, 
344, 347 

synoviae (Mycoplasma), 569, 577—579, 582, 
597, 598, 610 

syrphidae (Mesoplasma), 11, 650, 652 

syrphidicola (Spiroplasma), 11, 661, 668, 
671, 676 


tabanidae (Mesoplasma), 11, 650, 652 

tabanidicola (Spiroplasma), 661, 677 

taeanense (Chryseobacterium), 5, 182-184, 
186, 190, 195 

taffensis (Fluviicola), 7, 325, 327, 328 

taichungense (Chryseobacterium), 182, 183, 
185, 187, 189, 190, 195 

taiwanense (Chryseobacterium), 5, 182, 183, 
185, 190, 195 

taiwanense (Spiroplasma), 661, 664, 668, 677 

tangerina (Rubritalea), 13, 812, 816 

tannerae (Prevotella), 5, 65, 100 

tanukii (Borrelia), 10, 485, 489, 492, 496, 497 

tartaricus (Ilyobacter), 12, 759, 760, 761 

tectus (Bacteroides), 3, 29, 37, 38 

teganodes (Eperythrozoon), 642 

tegetincola (Flavobacterium), 5, 119, 129, 
130, 151 

tegetincola (Nonlabens), 7, 111, 202, 248, 275 

tenax (Epilithonimonas), 5, 181, 182, 185, 212 

TENERICUTES, 1, 2, 10, 21, 23, 567 

tepidum (Chlorobium), 461 

termitidis (Bacteroides), 769, 770 

termitidis (Sebaldella), 12, 32, 752, 762, 767, 
7/69, 770 

terrae (Chitinophaga), 351, 352, 853, 356 


terrae (Flavobacterium), 5, 138 

terrae (Olivibacter), 8 

terrae (Opitutus), 13, 818, 820, 821, 822, 826, 
828, 831 

terrae (Pedobacter), 345 

terricola (Pedobacter), 345 

terrigena (Algoriphagus), 9, 427, 430, 433 

terrigena (Flavobacterium), 5, 138 

testudineum (Mycoplasma), 582, 610 

testudinis (Mycoplasma), 583, 610 

texasensis (Candidatus Borrelia), 497 

thailandica (Rapidithrix), 9 

thalassocola (Winogradskyella), 7, 241, 288, 
289, 290 

thalpophilum (Flavobacterium), 138 

thalpophilum (Sphingobacterium), 8, 137, 
331—332, 338, 344 

theileri (Borrelia), 489, 496 

thermocellum (Clostridium), 741 

thermohalophila (Anaerophaga), 4, 51, 52 

thermophila (Spirochaeta), 10, 476-478, 
483, 486 

thermophilum (Dictyoglomus), 776, 778, 779 

thermophilum (Flavobacterium), 5, 338 

thetaiotaomicron (Bacteroides), 29, 30, 38, 
62, 131 

tillae (Borrelia), 489, 496 

timonensis (Prevotella), 101 

Tissierella, 32 

Tissierella praeacuta, 32 

torquis (Psychroflexus), 7, 111, 160, 223, 242, 
258, 259, 260, 269, 324 

tottoriensis (Fulvibacter), 7 

Toxothrix, 23, 467, 468 

Toxothrix trichogenes, 8, 9, 467, 468 

trachomatis (Chlamydia), 13, 616, 846, 
849-853, 855—857, 858, 859-861, 866 

Treponema, 10, 23, 472, 473, 475, 476, 477, 
481, 483, 484, 491, 501-511, 515, 517, 
523, 545, 557, 563, 565 

Treponema amylovorum, 10, 502, 510, 513, 521 

Treponema azotonutricium, 10, 472, 508, 
510, 521, 563, 564 

Treponema berlinense, 502, 508, 511, 520 

Treponema brennaborense, 502, 504, 511 

Treponema bryantii, 502, 511, 743 

Treponema carateum, 501, 502, 503, 505, 512 

Treponema denticola, 472, 476, 486, 501, 502, 
503, 504, 510, 512, 513, 516, 523, 535 

Treponema hyodysenteriae, 508, 535, 540 

Treponema innocens, 508, 537 

Treponema isoptericolens, 502 

Treponema lecithinolyticum, 502, 512, 513 

Treponema macrodentium, 520 

Treponema maltophilum, 502, 510, 511, 
513, 514 

Treponema medium, 502, 513, 514 

Treponema minutum, 10, 504, 514, 518 

Treponema orale, 521 

Treponema pallidum, 10, 472, 476, 486, 487, 
501, 502, 504, 505, 507, 509, 514, 521, 535 

Treponema pallidum subsp. endemicum, 502, 
505, 510 

Treponema pallidum subsp. pallidum, 487, 
501, 502, 503, 504, 505, 507, 509, 510, 516 

Treponema pallidum subsp. pertenue, 502, 
505, 509 

Treponema paraluiscuniculi, 501, 502, 503, 
505, 514 

Treponema parvum, 502, 514, 515, 521 

Treponema pectinovorum, 502, 508, 510, 513, 
515, 521 

Treponema pedis, 502 
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Treponema pertenue, 502 

Treponema phagedenis, 502, 504, 509, 510, 
516, 521 

Treponema porcinum, 502, 516, 520 

Treponema primitia, 10, 508, 517, 521, 563, 
564 

Treponema putidum, 502, 517 

Treponema refringens, 502, 504, 509, 510, 
516, 517, 518 

Treponema saccharophilum, 502, 518 

Treponema scoliodontus, 503, 504, 506, 518 

Treponema socranskii, 502, 510, 513, 518, 519 

Treponema socranskii subsp. buccale, 502, 519 

Treponema socranskii subsp. paredis, 502, 519 

Treponema socranskii subsp. socranskii, 502, 
519, 521 

Treponema succinifaciens, 502, 519, 520, 521 

Treponema suis, 521, 520 

Treponema vincentii, 502, 503, 504, 510, 
513, 520 

Treponema zioleckii, 502, 523 

trevisanii (Leptotrichia), 766, 769 

trichogenes (Toxothrix), 8, 9, 467, 468 

trifolii (Candidatus Phytoplasma), 711 

troitsensis (Arenibacter), 5, 162, 163, 164 

tropicus (Psychroflexus), 258, 261 

tumefaciens (Agrobacterium), 111 

tuomii (Eperythrozoon), 642 

turcica (Borrelia), 10, 489, 497 

turdi (Borrelia), 10, 485, 487, 489, 496, 497 

turgidum (Dictyoglomus), 778, 779 

turicatae (Borrelia), 10, 488—491, 495, 497 

turicensis (Candidatus Mycoplasma), 612 

Turneria, 559 

Turneriella, 10, 552, 557, 558 

Turneriella parva, 10, 547, 551, 558, 559 

turonicum (Spiroplasma), 11, 661, 668, 671, 
674, 677 

typhimurium (Salmonella), 751, 886 


uenonis (Porphyromonas), 62, 64, 69 

ulcerans (Fusobacterium), 748, 750, 751, 757 

uliginosa (Cellulophaga), 179, 295 

uliginosa (Cytophaga), 179, 293, 295, 374 

uliginosa (Zobellia), 6, 138, 179, 235, 293, 295 

uliginosum (Flavobacterium), 293, 295 

ulmi (Candidatus Phytoplasma), 711 

Ulvibacter, 22, 109, 221-223, 270, 283, 284 

Ulvibacter antarcticus, 7 

Ulvibacter litoralis, 7, 283, 284 

ulvicola (Maribacter), 5—6, 235-237, 238 

uniformis (Bacteroides), 3, 29, 30, 38, 73 

urealyticum (Ureaplasma), 11, 613, 614—620, 
621, 622, 656, 668 

reaplasma, 11, 23, 568, 571, 575, 581, 618, 
614—622, 647 

reaplasma canigenitalium, 618, 621 

reaplasma cati, 11, 621, 622 

reaplasma diversum, 11, 616—618, 621, 622 

reaplasma felinum, 11, 616, 621, 622 

reaplasma gallorale, 11, 618, 622 

reaplasma parvum, 11, 614—621, 622 

reaplasma urealyticum, 11, 613, 614—620, 
621, 622, 656, 668 

ureilyticum (Chryseobacterium), 5, 190 

ureolyticus (Bacteroides), 32 
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vadensis (Victivallis), 13, 788, 791, 792, 793 
vaeyamensis (Flammeovirga), 442, 443, 
447, 457 
valaisiana (Borrelia), 485, 489, 490, 492, 
496, 497 
vanfongensis (Algoriphagus), 9, 426, 427, 433 
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varium (Anaeroplasma), 720-722 

varium (Fusobacterium), 748, 750, 751, 752, 
757, 758 

Veillonella parvula, 79 

velocicrescens (Spiroplasma), 11, 661, 668, 
670, 677 

verecundum (Mycoplasma), 582, 610 

vermicola (Lutimonas), 5 

vermicola (Puniceicoccus), 13, 818, 824, 825, 
826, 831 

veroralis (Bacteroides), 32, 101 

veroralis (Prevotella), 65, 101, 105 

VERRUCOMICROBIA, 1, 2, 13, 14, 16, 21, 
23, 785, 788, 793, 795-801, 806, 807, 809, 
811, 812, 814, 815, 817, 818, 821-823, 
834, 835, 837, 838, 843 

VERRUCOMICROBIACEAE, 13, 23, 799, 
800, 802, 803, 815, 817 

VERRUCOMICROBIAE, 13, 14, 23, 795, 796, 
799, 801, 802, 815, 818, 835 

VERRUCOMICROBIALES, 13, 23, 795, 799, 
800, 802, 803, 809, 810, 812, 814 

Verrucomicrobium, 23, 795, 800, 802, 803, 
804-807, 809, 810, 814 

Verrucomicrobium spinosum, 13, 800, 803, 
804, 805, 806 

Vibrio, 359, 408 

vibrioforme (Chlorobium), 364, 368 

VICTIVALLACEAE, 13, 23, 791 

VICTIVALLALES, 13, 23, 785, 787, 790, 
791, 792 

Victivallis, 13, 23, 785, 787, 790, 791, 792 

Victivallis vadensis, 13, 788, 791, 792, 793 

vietnamensis (Echinicola), 437, 439, 440 

vincentii (Treponema), 502, 503, 504, 510, 
513, 520 

virosa (Weeksella), 5, 110, 189, 211, 274, 286, 
287, 288 

viscericola (Barnesiella), 4, 70, 71 

Vitellibacter, 22, 109, 155, 232, 245, 265, 270, 
284, 285 

Vitellibacter vladivostokensis, 7, 155, 156, 
284, 285 

vituli (Acholeplasma), 11, 689, 694 

vladivostokensis (Vitellibacter), 7, 155, 156, 
284, 285 

volis (Mycoplasma), 604 

vrystaatense (Chryseobacterium), 5, 182, 183, 
185, 188, 195, 196 

vulgaris (Balneola), 9 

vulgatus (Bacteroides), 3, 29, 30, 38 

vulturis (Mycoplasma), 582, 613 


Waddlia, 24, 857, 876, 877 

WADDLIACEAE, 16, 24, 845, 856, 876 

Waddlia chondrophila, 16, 877 

wadei (Leptotrichia), 12, 769 

wanjuense (Chryseobacterium), 5, 182, 183, 
185, 190, 196 

Wautersiella, 22, 285, 286 

Wautersiella falsenii, 5, 285, 286, 287 

weaverense (Flavobacterium), 5, 112, 119, 
129, 130, 133, 136, 137, 152 

Weeksella, 22, 108, 109, 165, 180, 203, 205, 
211, 250, 285, 286, 287, 288 

Weeksella virosa, 5, 110, 189, 211, 274, 286, 
287, 288 

Weeksella zoohelcum, 165, 288 

weilii (Leptospira), 10, 547, 555 

wenyonii (Eperythrozoon), 611, 641 

wenyonii (Mycoplasma), 583, 606, 611, 612, 
641, 642 

Winogradskyella, 22, 109, 158, 215, 288, 289, 
290, 292 

Winogradskyella epiphytica, 289 

Winogradskyella eximia, 290 

Winogradskyella poriferorum, 7, 290 

Winogradskyella thalassocola, 7, 241, 288, 
289, 290 

winogradskyi (Algoriphagus), 9, 426, 427, 
430, 433 

Wolbachia, 838, 839 

wolbachii (Leptospira), 10, 547, 555 

wolffii (Leptospira), 10, 547, 555, 556 

wynnwilliamsii (Subsaximicrobium), 6, 111, 
223, 242, 277, 278 


Xanthomonas maltophilia, 211 

xanthum (Flavobacterium), 5, 119, 128-130, 
136, 137, 144, 149, 152 

xinjiangense (Flavobacterium), 119, 129, 130, 
133, 137, 152 

xinjiangense (Salinimicrobium), 7 

xinjiangensis (Hymenobacter), 9, 398, 399, 
403, 404 

Xiphinematobacter (Candidatus), 837, 838, 
839, 840 

Xiphinematobacter americani (Candidatus), 
13, 840 

Xiphinematobacter brevicolli (Candidatus), 
13, 839 

Xiphinematobacter rivesi (Candidatus), 
13, 840 

Xylanibacter, 21, 85, 102, 103 

Xylanibacter oryzae, 5, 102, 103 
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xylanidelens (Persicivirga), 7, 254, 255 
xylanisolvens (Bacteroides), 3 
xylanolytica (Cytophaga), 49-52, 374, 375 
xylanolyticus (Bacteroides), 39, 41 


yabuuchiae (Flavobacterium), 137, 331, 333 

yaeyamensis (Flammeovirga), 442, 443, 
447, 457 

yeatsii (Mycoplasma), 611 

yeomjeoni (Algoriphagus), 9, 426, 427, 
430, 433 

yeongjuensis (Niastella), 8 

Yeosuana, 22, 110, 291 

Yeosuana aromativorans, 6, 238, 291 

Yersinia pestis, 858 

Yersinia pseudotuberculosis, 858 

Yersinia pseudotuberculosis subsp. 
pestis, 858 


zalophi (Mycoplasma), 613 

Zavarzinella, 881 

Zavarzinella formosa, 16 

zeae (Runella), 412-414, 415 

Zeaxanthinibacter, 22 

zeaxanthinifaciens (Mesoflavibacter), 

zeaxanthinifaciens (Mesoflavibacter), 

zeaxanthinifaciens (Nubsella), 8 

Zhouia, 5, 22, 110, 292 

Zhouia amylolytica, 5, 292 

zioleckii (Treponema), 502, 523 

ziziphi (Candidatus Phytoplasma), 712 

Zobellia, 22, 109, 135, 162, 163, 178, 199, 232, 
233, 235, 236, 241, 244, 245, 265, 270, 
284, 292, 293, 294, 374 

Zobellia amurskyensis, 6, 294 

Zobellia galactanivorans, 6, 236, 293 

Zobellia laminariae, 6, 294 

Zobellia russellii, 6, 294 

Zobellia uliginosa, 6, 138, 179, 235, 293, 295 

zoogleoformans (Bacterium), 101 

zoogleoformans (Bacteroides), 32, 33 

zoogleoformans (Capsularis), 101 

zoogleoformans (Prevotella), 27, 33, 101 

Zoogloea, 101 

zoohelcum (Bergeyella), 5, 110, 165, 166, 
182, 189, 197, 288 

zoohelcum (Weeksella), 165, 288 

zuelzerae (Spirochaeta), 10, 474—476, 478, 
483, 484, 486, 502, 508, 521 

Zunongwangia, 22 

Zunongwangia profunda, 7 

Zymomonas, 408 
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